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Occupants are one of the factors impacting the overall energy performance of buildings 
the most. Green buildings improve the levels of liveability in buildings and their annual 
energy performance by incorporating sustainable design solutions during the whole life 
cycle of a building. The operation stage is the most energy-intensive stage of a building 
because it involves technical systems, equipment, and occupants. The difference between 
actual energy data and the predicted energy has been identified as a main knowledge gap 
in the literature. This difference is related to the low maintenance, inefficiencies, and 
occupants. One of the main gaps of most green certification processes is related to the 
occupant behaviour (OB). Previous studies mainly focused on investigations of the 
energy-related OB in office and residential buildings or test bed environments. The 
present research comprises the study of the energy-related OB in two distinct university 
buildings with similar characteristics at Western Sydney University (WSU) in Sydney, 
Australia. One of the buildings is a 6-star building, according to the Australia certification 
process Green Star, and the other one is an existing non-rated building. The purpose of 
this study is to determine the direct and/or indirect impacts of occupants on the overall 
energy use in both buildings as well as how occupants perceive energy and their 
environmental and economic impacts. Other goals are to determine if the green rating has 
an impact on the way occupants interact with the building systems and if there is any 






Therefore, to support this study, a chronological literature review related to the OB and its 
effect on the energy use was carried out. Subsequently, building simulations were 
performed for the buildings using actual data and the software tools DesignBuilder and 
EnergyPlus. The occupants were categorised according to their level of energy use, that 
is, as saving, real and intensive energy users. Dynamic simulations were performed by 
varying parameters related to the lighting, plug loads, infiltrations, shading, and AC 
setpoints. The models were calibrated with actual annual data measured and registered by 
the university management system. In addition, 100 surveys were delivered to occupants, 
inquiring about their perception and interactions with heating and cooling, lighting, 
window/door opening, window blinds, and appliances. The results were obtained from 
statistical analysis using the software SSPS. Finally, the perceptions of occupants related 
to the energy use based on the surveys were used as input variables for the dynamic 
simulations. The actual behaviours and actions of occupants were quantified in terms of 
the energy use, greenhouse gas emissions, and costs. Furthermore, the correlation 
between climate and the energy-related OB for green-rated and non-rated buildings was 
studied in eight different climate zones in Australia.  
 
The results show that saving users will spend on average 43% less energy, while intensive 
users will spend on average 29% more energy, in both buildings, compared with real 
users. The overall energy use based on the occupant behaviour changes within similar 
ranges in both buildings and the green rating has no significant impact on the energy-
related occupant behaviour. It is not possible to conclude that the occupants of the green 
building are more energy-efficient than the occupants of the non-rated building. However, 
the green rating affects occupant‘s overall satisfaction. The gender and age impact the 





efficient than men and the younger generation. Finally, this study shows that the green 
building is being managed inefficiently due to lack of awareness. Despite being classified 
as green, if the operational conditions of a building are not carefully maintained according 
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CHAPTER 1. | INTRODUCTION 
1.1 Background 
Energy-related occupant behaviour has been a matter of research since the early 1950s. 
Dick and Thomas (1951) started collecting data on the window-opening habits of 
occupants and related them with heat losses in the air change rates. After the world oil 
crises in the 1970s, energy became a matter of increasing concern among researchers. The 
need to change to environmentally friendly, low-carbon, and energy-efficient supply 
systems as well as to identify the main energy-intensive factors of countries increased. 
Buildings were identified as one of the main energy users (Peet et al., 2011). 
 
To address problems related to energy, several energy and environmental rating systems 
were created throughout the years. The green building (GB) concept firstly appeared 
around 1990. It embodies the continuous enhancement in the built environment, where 
‗today‘s best practices become tomorrow‘s standard practices‘ (USGBC, n.d.). This 
concept includes the planning, design, construction, operations, and end of life of 
buildings and aims to create environmental, social, and economical communities. 
Therefore, critical thinking and a life cycle approach are fundamental, accounting for all 





Consequently, in the case of buildings and/or constructions, a GB process embraces 
several systems such as materials, resources, energy, people, and information. Another 
crucial issue of the GB concept is the integrated process approach. This approach has the 
aim to promote the communication and collaboration among professionals and 
stakeholders throughout the life of a project. 
 
Nevertheless, two possible methodologies can be used in a life cycle approach to address 
a project. The first one is based on the identification and quantification of environmental 
impacts related to the energy, water, and material inputs as well as waste and by-product 
outputs, from the extraction of raw materials to the final phase of the building‘s life. This 
perspective, called life cycle assessment (LCA), includes the extraction, production, 
transportation, maintenance, recycling, and disposal. The second methodology is life 
cycle costing (LCC), which focuses on purchasing, operating costs, and possible lifetime 
savings that may include initial investments, fuel prices, operation and maintenance costs, 
and disposal (USGBC, n.d.). 
 
1.2 Green building rating systems 
Nowadays, several rating systems are available to certify a building as green. The first 
sustainability design tool, that is, the Building Research Establishment's Environmental 
Assessment Method (BREEAM) was created in the 1990s in the United Kingdom (UK). 
Ten years later, the United States (US) followed the UK‘s steps regarding sustainability 
and created the Leadership in Energy and Environmental Design (LEED) rating system. 
In Australia, the Green Building Council of Australia (GBCA) established the Green Star 





Other examples of rating or assessing tools include the Comprehensive Assessment 
System for Build Environment Efficiency (CASBEE) in Japan, Green Star South Africa, 
and Pearl Rating System for Estidama in the United Arabs Emirates (Vierra, 2016). 
 
1.3 Actual context of energy in buildings  
Based on the International Energy Agency (IEA), more than 40% of the total primary 
energy use in most of the IEA member countries is directly related to the building sector 
(IEA, 2016a). For example, 85% of the electrical mix in Australia is provided by fossil 
fuels such as coal, natural gas, and oil. The residential and commercial sectors account for 
31% and 26% of the total electrical use, respectively, which indicates that buildings 
account for 57% of the overall electricity use in Australia (IEA, 2014, IEA, 2018). 
Although a decrease in the energy intensity has been verified, that is, a 1.8% decrease 
achieved in 2015 based on energy efficiency measures and policies implemented by 
national governments, countries must reach a 2.6% reduction in the energy use per year to 
drive the world towards decarbonised energy systems (IEA, 2016a). 
 
One of the main contributions to the high energy intensity rates is the way occupants use 
energy. The impact of occupants on the energy performance of a building is significant 
and based on their behaviours and actions. These behaviours include their presence, 
movement, actions, and interactions with the systems and features in a building (Yan et 
al., 2017). When occupants interact with light switches, adjust the set-point temperatures 
of air conditioning (AC) systems, close or open windows and blinds, they impact the 





2015). Therefore, occupants have a significant impact on the energy demand of buildings 
(Janda, 2011).  
 
The OB is still insufficiently understood (Hong et al., 2016b). Past studies showed that the 
difference between the predicted and real energy use is mainly due to the way occupants 
behave in terms of the energy use (Norford et al., 1994, Branco et al., 2004). This 
behaviour is related to several direct and indirect factors that may influence the way 
occupants use energy. These factors may be due to objective aspects, such as the climate 
(Masoso and Grobler, 2010, Steemers and Yun, 2009, Branco et al., 2004), air speed 
(McCartney and Nicol, 2002), temperature (Zeiler et al., 2014, Dong and Andrews, 2009, 
Karlsson et al., 2007, Turner, 2006, Herkel et al., 2005, McCartney and Nicol, 2002, 
Nicol, 2001), noise (Bluyssen et al., 1996), access to building feature control systems 
(Fabi et al., 2013, Azar and Menassa, 2012, Mahdavi, 2011, Arens, 2010, Mahdavi et al., 
2008, Nicol, 2001, Maniccia et al., 1999), time (de Wilde, 2014, Polinder et al., 2013, 
Mahdavi, 2011, Stokes et al., 2004), and activity type (Mahdavi, 2011), as well as to other 
subjective factors such as the perception of comfort (Langevin et al., 2016, Zeiler et al., 
2014, Roetzel et al., 2010, Hoes et al., 2009, Dong and Andrews, 2009, Turner, 2006, 
McCartney and Nicol, 2002, Baker and Standeven, 1997, Emery and Gartland, 1991), 
expectations (Burrows et al., 2013), gender (Nisiforou et al., 2012), age (Kavousian et al., 
2013, Nisiforou et al., 2012), values (Burrows et al., 2013), and social interaction 
(Bartram et al., 2010). External features, such as politics, economics, and culture, may 







Figure 1: Factors impacting the occupant behaviour 
 
1.4 Aims and objectives 
This PhD research aimed to quantify real behavioural patterns in two university buildings: 
a green-rated building and a non-rated building. The key purpose of this study was to 
understand if there are significant differences in the way occupants use energy when 
comparing a green-rated with a non-rated building and thus if the ‗green‘ rating has any 
implications for the OB and actions. Consequently, the occupant interactions with AC and 
lighting systems as well as with plug loads, windows, and shading were investigated to 





research, building simulations were performed to evaluate the impact of the occupant 
actions and behaviours on the energy use of two actual buildings. The aim of modelling 
the two buildings with actual data was to perform a building simulation that represents the 
annual energy use and OB close to reality.  
 
To support this study, a chronological literature review related to the OB in terms of 
energy use was carried out. Subsequently, energy audits were performed in both buildings 
to collect actual technical and physical data. Building simulations, using actual data, were 
performed for the buildings using the software tools DesignBuilder and EnergyPlus. The 
occupants were categorised according to their level of energy use as saving, real, and 
intensive energy users. Building simulations were performed by varying the parameters 
related to the lighting, plug loads, infiltrations, shading, and AC setpoints based on 
literature and data for the two buildings. The models were calibrated with actual annual 
data measured and registered by the university management system. Additionally, 100 
surveys were delivered to occupants, inquiring about their perception and interactions 
with heating and cooling, lighting, window/door opening, window blinds, and appliances. 
The results were obtained using statistical analysis and the software SSPS. Finally, the 
perceptions of the occupants related to the energy use based on the surveys were used as 
input variables for the dynamic simulations. The actual behaviours and actions of the 
occupants were quantified in terms of the energy use, greenhouse gas (GHG) emissions, 
and costs. Furthermore, the correlation between the climate and energy-related OB for the 







1.5 Research methodologies 
To develop this research, the following methodologies were used. 
 
The first methodology comprises a literature review of the most significant research on 
energy-related OB to find the main research gaps in literature. Secondly, after the 
identification of the main research gaps in literature and the decision to compare the 
impacts of OB in the energy performance of a non-rated and a green-rated building, an 
energy audit was performed to collect actual data for both buildings. The third 
methodology comprises a building simulation performed to determine the annual energy 
use in a building, followed by a case study of non-rated and green-rated buildings, where 
both buildings were analysed and compared to understand the relevance of the impact of 
a green-rating tool on the OB and actions.  
 
Subsequently, to answer one of the gaps found in literature related with the lack of 
reliable models and data, and to use models that provide a reliable representation of the 
actual buildings, a sensitivity analysis was performed to validate and calibrate the 
dynamic simulation results with actual monitored data. Furthermore, surveys were 
delivered to occupants to determine their perceptions and interactions with energy 
systems. The surveys were used to incorporate the actual occupant actions and 
behaviours in the building simulations to quantify the impact of OB in the energy 
performance of the two buildings. Statistical analysis was then carried out to compare 
the independent variables and differences among groups of variables or to separately 
analyse the variables. This provided reliability to the main conclusions from this study. 





with different professions and backgrounds participated. The aim of this workshop was 
not only to engage people who have participated in the questionnaire surveys and 
provide them the main conclusions from this research, but also to increase the 
awareness of energy use by occupants. 
 
1.6 Structure of the document 
The introduction to energy-related OB, supported by a literature review, is provided in 
Chapter 2. The main research contributions and gaps in this area are chronologically 
identified. 
 
Chapter 3 comprises the main methodologies used in all chapters.  
 
Chapter 4 presents the case study of two buildings, that is, a green-rated building and a 
non-rated one, where occupants were categorised according to their level of energy use, 
that is, as intensive, real, and saving energy users. The study was performed using 
building simulations and the software tool Design Builder as an interface to EnergyPlus to 
calculate the energy performance of the two buildings based on each occupant category. 
Furthermore, the environmental and economic impacts were evaluated. The real energy 
user simulations comprise actual data from the two buildings and are used as baseline for 
the other categories. 
 
Chapter 5 describes the results of 100 surveys delivered to the occupants of the two 
buildings to determine the OBs and actions when interacting with building features and 






In Chapter 6, the results from the surveys were used as input variables for the three 
dimensional (3D) models for each of the studied buildings (green-rated and non-rated 
buildings). The energy use associated with the OB in both buildings could then be 
analysed. Moreover, the significance of the ‗green‘ rating for the OB was also addressed. 
Finally, the energy-related OBs in eight different climate zones in Australia were studied 
and the correlation between the climate and OB was determined. 
 
Chapter 7 presents the main outcomes of a workshop on energy-related OB performed at 
Western Sydney University (WSU) on 17 May 2019. 
 
The conclusions are drawn in Chapter 8 and future research directions and 
























CHAPTER 2. | LITERATURE REVIEW 
2.1 Early stages of energy-related occupant behaviour research 
Understanding how occupants behave has been a matter of interest in multiple different 
research areas in the past. Because of the evident impact of occupants on the actual 
building energy use, the interaction between occupants and the use of energy has been of 
interest since the early 1950s. In 1951, Dick and Thomas (1951) started discussing the 
relationship between the window-opening habits of occupants and heat losses through air 
change rates. Later on, due to the oil crisis in the 1970s, the energy use became of 
increasing interest to decision makers, stakeholders, and researchers (Peet et al., 2011).  
 
The first energy-related behavioural study was performed in 1977. The window-opening 
habits of families and implications for the energy use and ventilation systems were 
analysed. The results showed a strong seasonal pattern in the way occupants use energy 
(Brundrett, 1977). In 1973, studies were performed to evaluate the thermal comfort and 
preferences of occupants using a scale-based votes study from 1936 as well as the main 
physical parameters affecting the comfort in buildings such as the temperature and 
moisture movement (Bedford, 1936, Nicol, 1974). Hunt (1979) focused on how occupants 
interact with artificial lighting and what drives them to switch lights on and off and 





as well as daylight levels. In the mid-1980s, the first studies related to occupant 
interactions with solar shading were performed. Understanding how occupants use 
window blinds is important because ignoring occupant interactions with solar shading may 
lead to an overestimation of energy savings (Rea, 1984). Moreover, the American Society 
of Heating, Refrigeration and Air-Conditioning Engineers (ASHRAE) funded several field 
studies for the collection of both physical and subjective thermal comfort data in office 
buildings (de Dear and Brager, 2002). 
 
2.2 First computer models of the energy-related occupant behaviour  
 Model of energy-related occupant behaviour 2.2.1
In the beginning of the 1990s, Weihl and Gladhart (1990) and Emery and Gartland (1991) 
carried out several studies in the residential sector, relating occupant energy use to pattern 
analysis. They were able to correctly match the OB in 40%–70% of the cases. They 
concluded that the energy use varies from one household to another, appearing irrational 
or unexpected from an energy conservation perspective but making sense in the context of 
family schedules, occupancy patterns, and comfort preferences. Simultaneously, Fritsch et 
al. (1990) based their studies on a stochastic model of the window opening angle and used 
Markov chains to compare real data with generated data. Newsham (1992) understood that 
occupants were used in a limited capacity in past studies, where they were accounted for 
as fixed heat generators, and used the first computer model, that is, FENESTRA, which 
accounted for the occupant mobility and its relationship with thermal comfort. The 
FENESTRA model was a finite-difference model of a single room, with a time step of 15 





Furthermore, Lutzenhiser (1993) based his studies on social and behavioural aspects of 
energy use such as the lifestyle, demography, economy, interaction with building features 
and systems, and plug loads. Norford et al. (1994) used the calibration of a DOE-2 
software model and determined why the actual energy use in an office building is more 
than twice the energy use predicted in the design stage. One of the major factors affecting 
the energy use was the unexpected tenant behaviour, which alone represented 64% of the 
difference between the actual and predicted energy. The heating, ventilation, and air 
conditioning (HVAC) operation throughout the expected schedule represented 24% of the 
discrepancies and equipment inefficiencies and conductive heat losses and divergences in 
the minimum outdoor air rates were related to the remaining 12%. 
 
 Thermal comfort and control systems 2.2.2
After the mid-1990s, the main concern of researchers was the thermal comfort and its 
implications for the energy use. Similarly, the occupant wellbeing was research topic and 
questions about the indoor air quality (IAQ) and how occupants perceived comfort in a 
building gained additional relevance. Bluyssen et al. (1996) carried out IAQ audits of 56 
buildings in Europe and analysed the input of occupants in relation with their perceptions 
of thermal comfort, IAQ, and light and noise levels using a survey. Baker and Standeven 
(1997) expressed the need of more detailed adaptive behaviour studies, aiming to obtain a 
better comprehension of the concept of ‗cognitive tolerance‘ and determine how the 
extension of the occupants‘ adaptive comfort zone and tolerance can be achieved.  
 
Wilhite et al. (1996) discussed cultural and economic contrast patterns between two 





hot water use, while Iwashita and Akasaka (1997) discovered that 87% of the total air 
change rates are caused by the OB. Maniccia et al. (1999) concluded that manual 
switching and dimming control in private offices increases the satisfaction of the 
occupants and reduces the lighting energy. 
 
In the beginning of the 21st century, Garg and Bansal (2000) conducted a sequence of 
experiments using intelligent lighting occupancy sensors and determined that these sensors 
represent additional energy savings of 5% compared with ordinary ones, which themselves 
could save up to 30% of the whole electricity allocated for the purpose of lighting. In 
2001, Foster and Oreszczyn (2001) analysed the reduction of the solar gain and glare due 
to the activation of Venetian blinds, which leads to an increase in the electric use 
associated with lighting.  
 
Nicol (2001) studied the impact of occupants on shading device (blinds) control and 
heating, lighting, fan, and windows operation using a stochastic model based on the results 
of surveys in several countries (UK, Pakistan, and other European countries). Based on 
these studies, the outdoor temperature at which occupants started opening windows for 
ventilation insignificantly differs among the countries. Similarly, in almost all the studied 
countries, fans were activated at ~15°C and were operated at 100% when the outdoor 
temperature reached ~30°C. In addition, 50% of the heating use started at 10°C and was 
increased up to 100% at 5°C. Blinds were activated in 40%–45% of the time; in European 
offices, the blind use was independent of the outdoor temperature. A direct correlation 






2.3 Behavioural algorithms and model tools 
 Developed algorithms 2.3.1
In 2002, Nicol and Humphreys (2002) defined adaptive behaviours as follows: ‘if a change 
occurs such as to produce discomfort, people react in ways which tend to restore their 
comfort’. In his study, Nicol and Humphreys established the seven-point ASHRAE scale 
shown in  
 
Table 1. Subsequently, an adaptive control algorithm (ACA) was developed based on field 
studies in five European countries (UK, France, Portugal, Greece, and Sweden) in which 
indoor environment quality (IEQ) parameters, such as the air temperature, air velocity, 
CO2 concentration, and illuminance at the work plane, were measured. The field surveys 
based on the seven-point ASHRAE scale were used to assess subjective thermal comfort 
sensations and predict the mean vote (PMV).  
 
The results showed that the ACA has the potential to save up to 30% of the cooling load 
without compromising the perceived thermal comfort (McCartney and Nicol, 2002). 
Similarly, Guillemin and Molteni (2002) used genetic algorithms (GAs) to study an 
automatic shading-device controller that learned the occupant preferences regarding the 








Table 1: Seven-point scale according to ASHRAE (Nicol and Humphreys, 2002) 





















Much too cool 
 











Figure 2: Mean comfort temperature (Nicol and Humphreys, 2002) 
 






















 Energy-related models and tools 2.3.2
In 2003, Al-Mumin et al. (2003) studied 30 residences in Kuwait to evaluate the reasons 
for the high electrical use. Using the simulation program ENERWIN, they concluded that 
the annual energy use in residential buildings is directly related to the occupant location 
and lifestyle and that data related to the type of occupant should be as accurate as possible. 
The results also showed that the reduction of the temperature by 2°C using the air-
conditioning thermostat and matching the light schedules to occupancy patterns leads to a 
decrease of 39% in the electricity use. Al-Mumin also focused on another aspect, that is, 
the fact that occupants tend to leave the lights on even when they are not in the room. The 
results showed that a rectification of this behaviour would lead to a 29% decrease in the 
energy use.  
 
Furthermore, Stokes et al. (2004) developed a half-hourly data model to evaluate the 
lighting demand of 100 homes in the UK and match the supply and demand for renewable 
energy technologies. They observed no simple linear relationship between the demand and 
time of day in the daily lighting profile due to the interaction of the daylight availability 
and high variation in the behaviour of occupants. Branco et al. (2004) compared the 
thermal energy use associated with the heating function based on a model prediction with 
the real performance over a 3-year monitoring period. An increase in the thermal energy of 
more than 50% was observed, which is due to the fact that actual utilisation settings were 
not considered. Neither the actual performance of technical systems nor the actual climate 







In 2004, the Lightswitch-2002 algorithm (Figure 3) was developed using the Lightswitch 
Wizard tool and DAYSIM software for the prediction of the performance of the use of 
manually and automatically controlled electric lighting and blinds to mimic the OB, 
reaching an average of 20% energy savings (Reinhart, 2004).  
 
 
Figure 3: Electric lighting and blinds algorithm Lightswitch-2002 (Reinhart, 2004) 
 
 Sustainability tools 2.3.3
After the mid-2000s, Newsham et al. (2005) tried to establish the relationship between 
task lighting and the mood, satisfaction, and performance and its correlation to energy 





Engineering Society of North America (IESNA) as references. The actual intensity in the 
energy use was then compared to a baseline model including seven offices or library 
buildings and four multi-family residential buildings certified by the GB certification tool 
LEED. Almost all buildings showed savings of more than 40% when compared to the 
design model projections. However, a clear relationship between the occupant satisfaction 
with respect to the comfort temperature and building energy intensity was not observed 
(Turner, 2006).  
 
 Other aspects impacting the occupant behaviour 2.3.4
The Markov model was used to analyse the on/off state of AC systems and determine 
effective schedules for the AC operation based on occupancy schedules. It was highlighted 
that behavioural actions related with the turning on and off of AC are reflected by the 
social background such as energy costs and moral sense. Furthermore, if inhabitants make 
decisions independent of their social background but based on their thermal sensations, the 
probability functions are universal; the ethnic differences in the thermal sensation require 
additional studies (Tanimoto and Hagishima, 2005).  
 
Herkel et al. (2005) reported a strong correlation among the percentage of opening 
windows and the seasonability, outdoor temperature, and occupancy patterns. The impact 
on the energy use was studied based on three different strategies: constant air volume and 
demand-controlled ventilation with a CO2 or infrared occupancy sensor. The results 
showed that the two sensors reduce the energy use associated with ventilation up to 38% 






 Sub-hourly occupancy control 2.3.5
The influence of the OB on building energy simulations was studied using the simulation 
software ESP-r coupled with the sub-hourly occupancy control (SHOCC) simulation 
module, aiming to account for all phenomena related to the occupancy. This allowed the 
access of empirically-derived behavioural models in a dynamic mode (Bourgeois, 2005). 
Later in 2006, it was applied the behavioural model to the simulation tools DAYSIM and 
Lightswitch Wizard to obtain a more realistic estimation of the lighting uses.  
 
Figure 4 is based on the SHOCC modularity, representing the encapsulation of the data 
approach in the model. Based on the author‘s example, that is, information technology 
(IT) equipment, lighting, and population, the encapsulation approach starts with packets of 
information with a small amount of related data such as power features for lighting and 
equipment or social–psychological qualities of individuals. The packets were then merged 
to form groups of clusters of information to enable the sharing of data and mutual 







Figure 4: SHOCC data encapsulation (Bourgeois et al., 2006) 
 
 Predicted vs. real energy use 2.3.6
Emery and Kippenhan (2006) conducted energy measurements in the residential sector in 
the Pacific Northwest of the US during a 15-year period to understand how energy is used 
for heating. They concluded that energy is strongly affected by the OB, which is ignored 
in most energy simulations. Karlsson et al. (2007) analysed the difference among 
measured and predicted energy performances of low-energy buildings in Sweden using 
three different software tools. The first was based on a Microsoft Windows simulation 
tool, the second one was a transient simulation program, and the third one corresponded to 
a simulation tool for modelling the building performance such as the Transient System 
Simulation Tool (TRNSYS). The maximum variation between all programs was ~2% and 
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a variance of 50% was reached due to higher indoor air temperatures imposed by 
occupants in their homes.  
 
Leaman and Bordass (2007) analysed surveys about 177 buildings in the UK and 
concluded that occupants of GBs are more tolerant, even more so in small buildings than 
in larger ones. However, Clevenger and Haymaker (2006) analysed the predicted energy 
use and reported that: ‗if the OB is accounted for in energy modelling simulations, a 
difference of more than 150% between the established lower and higher values used as 
reference is expected to be verified‘. Based on the author, the parameters that are more 
affected by the OB are the ventilation rates, infiltration rates, equipment load, and 
occupancy schedule. Subsequently, the direct and indirect impacts occupants have on the 
building performance associated with their presence (Figure 5) were used to develop a 
stochastic model that could predict the occupants‘ use of resources (Page, 2007).  
 
 
Figure 5: Direct and indirect impacts of the presence of occupants on the building 





2.4 Increasing research interest in occupant behaviour 
 Existing occupancy schedules 2.4.1
After 2008, the interest of researchers regarding the OB significantly increased. Mahdavi 
et al. (2008) studied empirically how occupants behaved with respect to lighting and 
shading control systems in office buildings in Austria. He concluded that the 
environmental systems were overdesigned because they were dimensioned for rare levels 
of occupancy. This fact implies the higher use of energy and that it is possible to reduce 
the electrical use by 66% to 71% by using lighting sensors and daylight-responsive 
dimming.  
 
Furthermore, an existent schedule data algorithm of 15-minute activities of occupants was 
compared and validated with a stochastic Markov chain model using the on/off AC state 
of residential buildings. This study allowed the determination of the relationships between 
the occupant behaviour with respect to energy use and the hot water, lighting, and power 
demands of electric appliances. The authors concluded that the conventional calculation 
procedure leads to an overestimation of the energy use (Tanimoto et al., 2008a, Tanimoto 
et al., 2008b). 
 
 Other factors affecting the energy use 2.4.2
Yohanis et al. (2008) selected 27 households and focused their study on the variation of 
the energy use depending on the location, type of household, age, number of occupants, 
income, energy resources, lighting systems, and appliances. Household appliances were 





showed a strong correlation between the average annual electricity use and floor area and 
a shift in the peak load to the later night due to a different life style.  
Steemers and Yun (2009) investigated the main factors affecting the energy performance 
in households (Figure 6) and reported strong relationships between the energy use and the 
number of occupants, income, and age, in addition to climate, building, and equipment. 
However, economic and demographic factors did not seem to significantly affect the 
energy use.  
 
 
Figure 6: Direct and indirect physical key factors impacting the OB with respect to 
domestic energy use (Steemers and Yun, 2009) 
 
 Indicators and occupant classification 2.4.3
Hoes et al. (2009) used the same method as Bourgeois and combined a User Simulation of 
Space Utilization (USSU) model, which simulates the use of space and movement among 





related to behavioural occupancy studies, that is, simplified, advanced user I, and 
advanced used II, which can be subdivided in energy-, load-, or comfort-related. The 
impact of the occupant behaviour on the thermal performance of naturally ventilated 
buildings in summer was studied using an algorithm. A probabilistic OB algorithm 
classifying the occupants as active, medium, and passive occupants regarding window 
opening was developed to establish a linkage with deterministic building physics models 
based on the Monte Carlo method and Markov chain. The results showed that the OB has 
a significant influence on the thermal performance in buildings (Yun et al., 2009).  
 
Dong and Andrews (2009) addressed the importance of a formal connection between the 
behavioural patterns and building energy management systems. They developed and 
implemented algorithms for sensor-based modelling (by collecting data related to the 
lighting, acoustics, CO2, temperature, and relative humidity) and the prediction of user 
behaviour in smart buildings. Behavioural patterns were linked with building energy and 
comfort management systems using simulation tools such as EnergyPlus. The results 
indicated a 30% potential of energy savings without compromising the IAQ.  
 
 Sustainable programs and design 2.4.4
In 2010, researchers continued developing and deepening previous studies regarding the 
energy use in the residential sector and its relationship to the behaviour of occupants 
(Gram-Hanssen, 2010, Guerra Santin, 2010, Larsen et al., 2010), window-opening habits 
related to IAQ control parameters (Dutton and Shao, 2010), behavioural patterns with 
respect to the energy use based on a survey (Ek and Söderholm, 2010, Crosbie and Baker, 





thermal comfort and thus the energy use (Haldi and Robinson, 2010, Daum and Morel, 
2010).  
 
More specifically, three case models were developed for the OB and internal heat loads. 
These scenarios allowed the evaluation of the energy use and thermal comfort in line with 
the European energy performance building directive (EPBD) for different building 
configurations (prestige, low-cost and GB), slat angles (0o, 30o, 80o), and façade 
orientation (N, E, S, W). The results were expressed in terms of carbon emissions and it 
was concluded that the GB scenario has the highest comfort levels and is the least affected 
by the influence of different occupant scenarios due to its effective solar protection and 
high thermal mass (Roetzel et al., 2010). The carbon emissions associated with heating, 
lighting, and equipment were lower in the GB scenario and could be reduced by 50%–
70% compared with the worst-case scenario. Bartram et al. (2010) focused on the 
importance of social interaction in the context of sustainable behaviour and used a 
neighbourhood network as a means of encouraging competition, comparison, and 
collaboration among community members for occupants to have better energy 
conservation behaviours. 
 
Masoso and Grobler (2010) performed energy audits in six buildings in hot and dry 
climates and discussed the importance of evaluating the energy wasted in commercial 
buildings during non-occupied hours, which corresponds to 23% of all wasted energy 
based on inadequate energy behaviour by occupants; they focused on the importance of 
energy awareness campaigns. Schweiker and Shukuya (2010) focused on the quality of 
energy and studied the OB with respect to heating and cooling from an exergy analysis 





envelope. A reduction in the energy use of 75% to 95% was expected when combining 
occupant behavioural changes and building system improvements. 
 
 Relevance of occupant control for building features  2.4.5
Compared with the residential sector, few studies focused on office buildings (Arens, 
2010). Office buildings are more complex and therefore more elements influence the 
energy use such as the owners, design professionals, operation staff, and occupants. In 
addition, there was a ‗new change of paradigm‘, that is, the occupants are responsible for 
managing certain aspects of the building. However, additional information must be 
provided related to passive features and HVAC control systems to pursue an energy 
efficiency approach. There is a gap between the way designers predict the OB and how 
occupants operate, which is due to the fact that the predictions were based on unrealistic 
schedules that do not explain human behaviour in a plausible way (Mahdavi et al., 2008). 
 
In 2011, Mahdavi (2011) discussed how occupants influence the performance of a 
building. Passively, just by their presence and depending on the type of occupant activity, 
they impact the hygrothermal conditions of a building and its acoustics. In an active way, 
occupants control the elements in a building, such as lighting, shades, windows, and 
radiators, and thus have a significant influence on the energy use. Furthermore, additional 
relationships between control actions and environmental (indoor and outdoor) conditions 
will provide more information on the OB, which can be incorporated in building 
simulations. Therefore, Mahdvi developed a model based on observational data that were 
divided by events and states regarding the occupancy presence and actions in buildings. 





modelled agents (based on their presence and behaviour), and beneficiaries of the 
predicted building performance and deepening the knowledge about complex processes 
affecting occupants.  
 
A nonlinear model predictive control (NMPC) was implemented to a test bed house in a 
real-time framework integrating weather forecasting and OB. The results showed potential 
savings in the cooling energy of ~18%, suggesting that this method can save additional 
energy in combination with real-time information (Dong et al., 2011). Furthermore, a 
stochastic model and survey were used to determine how occupants behave with respect to 
their environment. The majority of occupant answers were unconsciously based on their 
own habits and past influences, surroundings, and other occupants (Bluyssen et al., 2011).  
 
Subsequently, Azar and Menassa (2012) developed a numerical model including the 
dynamic occupancy and reported that the more occupants had control over the energy use, 
the more energy is used. Finally, Nisiforou et al. (2012) investigated how the employees of 
a large company perceived the use of energy and how their behaviour influences the 
energy use using a survey and statistical analysis of the results according to age, gender, 
and years of employment. The results showed that energy waste is related to the lack of 







2.5 Actual energy use 
 Actual occupant behaviour  2.5.1
Fabi et al. (2013) developed a probabilistic methodology that accounts for realistic OB 
related to the building controls. Occupants were classified as passive, medium, and active 
heating control occupants. Hong and Lin (2013) classified three types of energy use 
impact due to OBs: austerity, standard, and wasteful. These three impacts of energy use 
due to OBs were modelled with EnergyPlus, then with energy management system (EMS) 
in EnergyPlus and, finally, by modifying the EnergyPlus source code in three different 
cities in the US. Hong and Lin concluded that the austerity type would save 50% energy 
while the wasteful would spend an additional 89%, compared to the standard one.  
 
Occupants tend to switch on the lights in office buildings when the daylight frequencies 
are lower than 300 lux. It was verified that in 83% of the monitored times the lights were 
kept on. Contradicting other researchers, the authors reported that occupants are not 
inclined to activate shading when experiencing sudden solar radiation variations. 
However, the daylight glare probability, index, and workplace illuminance as well as 
transmitted solar radiation are more correlated with the activation of shading (Da Silva et 
al., 2013).  
 
From a perspective of how interactive and social-media technologies may impact the way 
occupants use energy, the fact that occupant values affect the way individuals and 
communities decide and behave is underlined. Therefore, to communicate information that 






Kavousian et al. (2013) studied 1628 households in the US and found that occupants over 
55 or between 19 to 35 years old consumed less electricity and occupants who had pets 
use more electricity. They also found no strong correlation among the use of energy and 
the building age, income, or ownership. In the UK, a research project called eViz was 
developed. This project aimed to reduce the energy use for heating purposes by using 
visualisations on mobile devices to increase energy awareness in occupants (Wei et al., 
2013). 
 
 IEA Annexes 53 and 66 2.5.2
Understanding the importance of knowing how the behaviour of occupants affects the 
energy use in a building led Polinder et al. (2013) to publish the final report of Annex 53 
for the Programme on Energy in Buildings and Communities (EBC) related to the OB and 
modelling in line with the IEA in November 2013. In this report, the driving forces were 
defined as factors impacting the energy-related OB. These driving forces referred to 
parameters that influence the way occupants interact with buildings and their control 
systems. These driving forces may be due to external or internal sources, where the former 
are connected to the building and building equipment properties, time, and physical 
environment and the latter are related to biological, psychological, and social aspects.  
 
 
Figure 7 shows which driving forces influence the OB when energy is used for cooling, 
heating, ventilation (including window operation), lighting, domestic hot water (DHW), 























Figure 7: Energy-related occupant behaviour according to the IEA 
 
Therefore, in 2013, the IEA created the Annex 53 ‗Total Energy Use in Buildings‘ under 
the ‗Program in Energy in Buildings and Communities‘. This annex incorporates 
computer modelling and simulations; architectural engineering; building, social, and 
behavioural sciences; and studies about the effects of the OB on the overall energy use in 
buildings to predict the total energy use (Yoshino et al., 2017). 
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In the same month, that is, November 2013, the IEA approved the Annex 66 project 
‗Definition and Simulation of Occupant Behaviour in Buildings‘, which specifically aimed 
to understand, model, and quantify how occupants behave inside buildings and the impact 
they have on the energy use as well as the IEQ (IEA, 2016b). The Annex 66 project was 
developed and reported until the end of 2017; it is divided in five energy-related research 
subtasks, as shown in Table 2 (Yan and Hong, 2014). 
 



































A Movement and presence Standardize occupant movement and presence by means of a simulation methodology and definition 
B Action in residential buildings 
Standardize occupant action behaviour simulation, systematic 
measurement approach, and modelling and validation 
methodology in residential buildings 
C Action in commercial buildings 
Standardize occupant action behaviour simulation, systematic 
measurement approach, and modelling and validation 
methodology in commercial buildings 
D 
Integration of occupant behaviour 
definition an models with current 
building energy modelling programs 
Deliver software modules and XML framework schemes 












E Building design and operations applications 
Provide case studies that enable the verification of the new 
occupant behaviour definition an models 
 
 
The way occupants behave influences the energy performance of a building and 
consequently the energy costs and environment. This fact is illustrated in Figure 8, 







Figure 8: Relationships of occupants with buildings 
 
Based on the development of the IEA EBC Annex 66, new behavioural and software 
models are being created that may allow the integration with existing energy modelling 
software. The aim of Annex 66 is to understand the OB and reduce the gap among the 
predicted and operational energy use (Yan et al., 2017). This would allow the promotion 





tools for the accurate prediction of the energy use (IEA, 2016b, Polinder et al., 2013, Yan 
et al., 2017). These tools may help professionals in finding real-time solutions that will 
promote the increase in the quality of design, operation, and the economic impact in 
buildings due to energy use. 
 
 Energy performance in buildings 2.5.3
In 2014, de Wilde (2014) developed a pilot study to identify the gap in the energy 
performance of a building between the design and operational stages. Three different 
aspects may contribute to the previously mentioned differences. The first one is related to 
incongruences in the design stage among energy models and energy measurements during 
the operational period and discrepancies concerning equipment learning approaches and 
real measurements. The third divergence is linked to the energy rating system, where the 
design compliance always differs from the one displayed in the energy certificate. The 
author focused on the fact that the differences in the energy performance of a building 
vary with the external conditions and time steps of the energy measurements. He 
suggested to change the way building engineering is performed to address the existing 
energy performance gap. 
 
Zeiler et al. (2014) focused their studies on the energy used in an office building towards 
comfort control. The test bed study was based on the installation of wired and wireless 
sensors to measure comfort parameters, such as the temperature, illuminance, CO2 levels, 
and detect the occupant presence and movement, respectively. The results showed that it 
was possible to achieve savings up to 14% and 18% with respect to the heating and 





and compared with the energy use at the design stage. Nevertheless, if compared with the 
operational phase, a saving potential of ~30% with respect to heating and up to 38% with 
respect to cooling was expected. The author defined the OB as ‗the presence of occupants 
in workplace locations and the action occupants take (or not take) to influence their indoor 
environment‘.  
 
2.6 Recent research 
After 2015, researchers intensified their studies regarding the OB. Studies that were 
considered as new achievements or approaches to the energy-related OB will be discussed 
next. 
 
Buso et al. (2015) studied the impact of the OB on the building envelope design, 
concluding that with the increasing thermal mass and reduction of the envelope‘s 
transparent area, the energy performance was less affected by variations in the occupant 
behaviour. This result was applied to locations with larger seasonal differences. 
Subsequently, a Knowledge Discovery in Databases (KDD) process was proposed based 
on data mining, learning frameworks for window opening, and the occupant presence in 
16 naturally ventilated offices. The aim was to obtain a valid occupancy schedule by 
applying cluster analysis with the incorporation of occupant movement and presence in 
offices (D‘Oca et al., 2015, D‘Oca and Hong, 2015). 
 
Based on the Annex 66 project and lack of a reliable energy-related behavioural model, 





an eXtensible Markup Language (XML) scheme was developed to normalise the energy-
related OB in buildings (Hong et al., 2015b, Hong et al., 2015a). 
 
Table 3: DNA framework 






















Based on the DNA framework, it was the intention of the authors to present a reliable 
answer that might address the most relevant gaps found in literature such as the 
differences in the predicted and real energy uses, real and modelled OBs, and system 
performances. In addition, the DNA framework, with its recurrent use, became a 
standardised tool for building information modelling (BIM), allowing building designers 
to account with for the OB starting in the early stages of the construction.  
 
In the context of ‗GBs‘, Khashe et al. (2015) analysed the influence of a sustainability 
certification program brand, such as LEED, on the behaviour of occupants. The authors 
mentioned that the ‗GB‘ rating does not necessarily mean that the building is a ‗GB‘ and 
that concepts of sustainable design only have real-time effects when they are properly used 
by occupants. Nevertheless, LEED branding influences the environmental awareness of 
occupants and how they use light, by preferring natural instead of artificial light, and 
promotes waste reduction. Making occupants active participants in energy-saving 





the way energy is used in buildings is of relevance and promotes the communication 
between them. It was also mentioned that the significance of ‗green‘ tools and brands is a 
positive catalyst for the reduction of the energy use and increases the occupant awareness 
(Darby et al., 2016).  
 
Subsequently and in line with the concepts mentioned in Section 2.2.2, the Human and 
Building Interaction Toolkit (HABIT) was introduced by Langevin et al. (2016) as a 
simulator of the thermal comfort and adaptive OB. Based on an agent-based behaviour 
model (ABM) in MATLAB and the Building Controls Virtual Test Bed (BCVTB), the 
whole building energy is modelled in EnergyPlus. The application of this toolkit may lead 
to energy savings in the HVAC system of up to 28%.  
 
Sovacool and Ryan Sovacool et al. (2015) focused on the importance of incorporating 
social science with energy use and transformed energy-related studies into an 
interdisciplinary field. The authors highlighted the importance of a deeper understanding 
and interconnection of these fields. Other authors developed studies to deepen the 
knowledge and develop new research studies supporting the different subtasks defined by 
the IEA (Table 2): predictability of the presence and movement of occupants in buildings 
(Kim et al., 2015, Mahdavi and Tahmasebi, 2015, Tahmasebi and Mahdavi, 2015), 
window opening behaviour in the residential sector (Schakib-Ekbatan et al., 2015, Wei et 
al., 2015, Andersen et al., 2016) and light switching action (Wang et al., 2016), indoor 
comfort and how it affects the OB and energy use (Serghides et al., 2015, Andersen et al., 






Additional studies addressed the following issues: ignored or oversimplified nonadaptive 
and adaptive OBs during the operation of a building, absence of mutual agreement on the 
validity and applicability of simulation methods and OB models, and unclear human-
centred interdisciplinary solutions from the building to the community levels. To address 
these issues, Hong et al. (2017) proposed ten questions concerning the OB ( 
Figure 9): 
 Q1: What are the specific OBs that influence the building energy performance? 
 Q2: How does the OB influence the building energy performance? 
 Q3: How can we measure the OB to quantify its impact on the building energy performance? 
 Q4: How can we develop OB models for building performance simulations (BPSs)? 
 Q5: How are behaviour models and related inputs typically implemented in BPS programs? 
 Q6: What are the main applications of OB models in BPS research? 
 Q7: How can quantitative research methods in social science, such as survey methodologies, 
provide insights into the OB? 
 Q8: How can social–psychological factors help behaviour researchers and policymakers to 
understand the effectiveness of promoting energy efficiency strategies and contribute to 
interdisciplinary behaviour research? 
 Q9: What are the credible outcomes of occupant research achieved to date? 
 Q10: What are the main challenges of OB research going forward? 
 
One of Hong‘s conclusions regarding the proposed questions was that the OB during the 
operation has been ignored or extremely simplified. To obtain low or zero energy 
buildings, the OB must be incorporated in the design, operation, and retrofit stages, to fill 





the predicted and actual energy use (de Wilde, 2014, Nicol, 2001). Furthermore, Hong 
also addressed the increased use of surveys to determine social–psychological and 
physical factors that can be used as guidelines for strategies related to the evaluation of the 
energy efficiency by future researchers and policymakers. Additionally, data generated 
from surveys may be used as input variables of the OBs in simulation programs 
















Figure 9: Questions raised by Hong related to the knowledge gaps regarding the 
occupant behaviour (Hong et al., 2017) 
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2.7 Chapter 2 summary, gaps and future research 
In this literature review, the key studies from 1951 to 2019 that added new approaches to 
researcher conclusions and/or studies in the energy-related OB discipline were reviewed. 
Figure 10 depicts how the interest of researchers is related to the main milestones that 
were reviewed in this study over time as well as the main building energy uses that were 
addressed in their research. 
 
 






Figure 10 shows the occupant behaviour when interacting with technical systems and 
features for the last 69 years as well as its effect on the energy performance of buildings as 
a whole, which have been a matter of increased research. The difference between the real 
energy use and predicted data during the design stage made researchers aware of the 
urgency to determine the reason for this deviation. The relevance of occupant actions in 
buildings was underestimated in building energy predictions. Occupants were merely used 
as thermal sources and their interactions inside buildings was ignored.  
 
Occupants may have an influence on the heating and cooling functions by incorrectly 
using controls, shading and window operation, nonoptimised lighting, discomfort, 
movement, and activity. Similarly, in terms of lighting, occupants may affect the energy 
use by incorrectly using controls, shading and window operation, discomfort, movement, 
and activity. The DHW and equipment energy use affected by the occupants is based on 
incorrect use. 
 
Further studies point out the need of understanding the relationship between the energy-
related OB and its implications for the energy management system in a building. 
Moreover, it is fundamental to account for better OB data during the design phase to 
improve the operational efficiency and comfort levels. Nevertheless, surpassing the energy 
performance gap is essential in the design and operational stages.  
 
Other aspects that need further development are the quality of the measurements and data 
(Hong et al., 2016b) and the need of additional reliable models to simulate the OB and 





(Yan et al., 2015). Supplementary methods to relate socioeconomic trends with new 








CHAPTER 3. | RESEARCH METHODOLOGY 
This chapter represents common methodologies used in the present research aligned with 
the description provided under section 1.5. All specific methods used in the following 
chapters are described within the respective chapter, except for the methodology used for 
the literature review, which is entirely described in the following section. Figure 11 
represents the correlation among all the different methods used for this research. 
 
 






The first stage represents the literature review on energy-related OB to find the main 
research gaps in literature. At this stage, the author decided to perform a case study and 
chose for the purpose of this research a green-rated and a non-rated building that would be 
comparable to evaluate the differences of OB in both buildings. After the selection of the 
two buildings, the author started collecting actual data, performing several visits and 
energy audits to each one of the buildings. Two 3D models were created that incorporated 
the actual data from the buildings. Several building simulations were performed to the 
non-rated and to the GB. The sensitivity analysis calibrated and validated the two 
buildings according to the actual monitored energy data, concluding the second stage.  
 
The third stage represents the first simulations performed with the integration of the OB. 
To the building models, calibrated and validated, was added several variables based on 
past literature. The OBs were classified as saving, real and intensive in order to 
understand how OB impacted the overall energy performance of both buildings. To 
collect the actual energy-related OBs, representing the fourth stage, surveys were 
delivered to the occupants of the non-rated and the GB. The variables collected under the 
survey were analysed statistically to understand their correlation and significance with the 
OBs.   
 
The fifth stage represents the quantification of all the behaviours and actions collected in 
the surveys. The actual OBs were converted statistically and incorporated in the calibrated 
models. Building simulations were performed to quantify the impact of OBs and actions 
in the overall energy use of the non-rated and the GB. Statistical analysis was performed 
to evaluate the reliability of the results and the correlation between both buildings, and the 





key findings of this research. The main aim was to increase awareness in the use of 
energy and engage the people who have participated in the surveys, providing them the 
main conclusions from this research. 
 
3.1 Literature Review 
The literature review was chronologically performed according to the methodology 
presented in Figure 12. The first step was to identify the first available energy-related OB 
research in the literature. Subsequently, the field of research was identified and the main 
conclusions were highlighted. The first studies in the early 1950s to 1970s focused on 
interactions of occupants regarding the opening of windows and ventilation systems (Dick 
and Thomas, 1951, Brundrett, 1977). In step 3, the evolution of different research fields 
per decade was analysed (Figure 10), with respect to new fields of research or new 
innovative contributions to existing ones (step 4). 
 
The number of studies related to the OB in terms of the energy use started to grow 
exponentially in the mid-1980s. These studies mainly focused on stochastic models from 
the perspectives of thermal comfort and adaptive OB (Fritsch et al., 1990, Lutzenhiser, 
1993, Baker and Standeven, 1997). In 2010, the number of new studies in the literature 
started to decrease and researchers were focused on the development of new approaches 
to existing fields of research to, for example, understand the gap between the predicted 























Figure 12: Methodology used for the literature review 
 
In 2017, Hong et al. formulated ten questions regarding baseline issues such as 
monitoring techniques for human-building interaction, behaviour modelling approaches, 
promoting social science insights, analysing achieved results, and enriching BPS 
programs, to understand the OB in terms of the energy use with the aim to guide future 
researchers, designers, and policymakers and promote innovation in the area of energy 
efficiency (Hong et al., 2017). 
 
Main conclusions 
Evolution within the 
research of energy-related 
occupant behaviour  
Identification of the 
respective field of study 
Research of early literature 
associated with energy-
related occupant behaviour  
Additional fields of 
research per decade  
Additional relevant 
contributions to 














3.2 Building simulation 
The second methodology used in this study is a dynamic building simulation for two 
buildings including all physical characteristics and internal technical systems. To 
understand how occupants behave in terms of the energy use, dynamic simulation 
software is used. 
 
 Software used for building simulations 3.2.1
According to the GBCA and Australian Building Code Board (ABCB) Protocol of 
Building Energy Analysis Software, certain programs comply with the requirements for 
successful building simulations such as Beaver, EnergyPlus, Tas, IES <VE>, IDA ICE, 
TRACE 700, and HAP E20-II (ABCB, 2006).  
 
In this research, the DesignBuilder software was used as a 3D interface to EnergyPlus 
(Version 8.3.0) for the annual energy simulation analysis and to study the OB by means 
of dynamic building simulations. EnergyPlus was chosen because it can be used 
worldwide and reliably predicts the energy performance in buildings according to the 
GBCA and ABCB (ABCB, 2006, GBCA, 2016). 
 
EnergyPlus is a program that enables the calculation of energy uses in a model of a 
building and associated energy systems when exposed to diverse operating and 
environmental conditions. EnergyPlus is based on fundamental heat balance principles 
simulated in the transient state in a nodal system (DoE, 2016). Heat balances account 






As an example, the baseline for the thermal zone and air system integration can be 
expressed using the following equation. 
 
Cz
   
  
 = ∑          + ∑   
         
              + ∑  ̇ 
      
              +  ̇             +     ̇ ,
 (1) 
 
where ∑          represents the sum of the convective internal 
loads; ∑   
         
              is the convective heat transfer of the zone surfaces; 
∑  ̇ 
      
              represents the heat transfer due to the infiltration of outside air; 
 ̇             is the heat transfer due to the infiltration of outside air; Cz
   
  
  is the 
energy stored in zone air, Cz = air CpCT; hi represents the heat transfer coefficient of a 
zone surface; Ai is the surface areav Tz refers to a specific zone temperature; Tzi is the 
temperature in zone i; Tsi is the temperature at the surface i; T∞ is the outside air 
temperature; ̇   refers to the mass flow in zone i;  ̇    refers to the mass flow related to 
infiltration; air represents the air density in a specific zone; Cp is the specific heat of air 
in a zone; CT is the sensible heat capacity multiplier; Qi is the convective internal load 
number i; and     ̇  refers to the air system output. 
 
For example, to calculate the heat fluxes in a wall, the program performs a nodal 







Figure 13: Two-node state space example with a heating source 
 
In addition, the equation that represents the two-node state space with a heating source, 
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The software then performs a sequence of interpolations until an acceptable result is 
reached, as shown in Figure 14. 
 
 







The buildings chosen for this research are two university buildings at WSU, that is, a non-
rated (existing) building built in 1989 and a GB, which was certified as a 6-star building 
in 2016 according to the Green Star Australian certification system (GBCA, 2013).  
 
Hence, the GB had to comply with requirements in terms of the management, water, 
energy, emissions, land use and ecology, IEQ, transport, and materials (Figure 89 from 
Appendix I). The building includes 374 modules of a photovoltaic system that produces 
134,161 kWh of electricity annually (Figure 90 from Appendix I). The innovative targets 
are: increase the recycling rates more than 98%, increase the cyclist facilities to cater for 
15% of the staff and students, reduce the use of potable water by 95%, and evaluate the 
impacts of materials from a lifecycle perspective.  
 
These two buildings were chosen to: 1) compare them within a specific range of accuracy, 
and 2) compare a green-rated building with a non-rated building. To be able to compare 
the two buildings, they must have similar characteristics in terms of the floor area, type of 
construction, occupancy rates, activity type, primary energy vector, and annual intensity 












    
    
Figure 15: Green-rated building (building EHa on the Parramatta campus at WSU) 
 
    
    





Table 4: Building characteristics 
 Green-rated building Non-rated building 
Total floor area (m2) 5696 5242 
Conditioned area (m2) 5181 4667 
Unconditioned area (m2) 515 576 
Annual energy intensity (kWh/m2)** 187.22 190.45 
Average occupancy intensity (occ/m2)* 0.16 0.11 
Average plug load intensity (W/m2) 16.04 23.15 
Average light intensity (W/m2) 6.07 10.85 
Main activities computer-/classrooms, laboratories, offices and corridors 
Primary energy for cooling and DHW Electricity 
Primary energy for heating Natural gas 
* Per conditioned area 
** Calculated in Chapter 4 
 
 Input variables 3.2.3
All input variables related to the internal loads, as-built information, geometry, technical 
data, schedules, location, climate, orientation, shading, and obstructions were based on 
real data supplied by the Office of Estate and Commercial, WSU, Australia, and were 
collected during a Level-1 energy audit performed in both buildings (ASHRAE, 2004). 
Examples of the building plans collected during this research are presented in Appendix I. 
 
If actual data were not available, especially for the existing building, assumptions were 
made using available credible information as support such as ASHRAE standards 
(ASHRAE, 2007, ASHRAE, 2009), European Directives (MAOTESESS, 2013), and 





 Model characteristics 3.2.4
The buildings selected for this research were two buildings at WSU with similar 
characteristics, that is, a non-rated building and a green-rated building (Table 4). The non-
rated building is an existing building that has not been certified according to any 
certification system. The building has four levels above the ground and a total area of 
5242 m2. It has a west–east orientation and several neighbourhood buildings and 
architectural features that provide shading during the day. The GB has a north–south 
orientation, an area of 5696 m2, and three levels above the ground. Similar to the non-
rated building, it has neighbourhood buildings that provide shading during the day and 
architectural features that shade internal rooms.  
 
Figure 17 and Figure 18 represent the outside views of both models. Additional images of 
the models are presented in Appendix I. 
 
    
    






    
    
Figure 18: Non-rated building model 
 
Figure 19 to Figure 39 represent additional images related to the 3D models of the two 
buildings with respect to the orientation, solar chart, and shading. 
 
 
































Figure 24: 3D model of the green-rated building: shading 
 
  
Figure 25: 3D model of the non-rated building: winter shading 
 
  





   
Figure 27: 3D model of the green-rated building: winter shading 
 
   
Figure 28: 3D model of the green-rated building: summer shading 
 
 Climate zones 3.2.5
The buildings are on different campus that are approximately 32 km away from each 
other. The non-rated building is on the Kingswood campus and the GB is on the 
Parramatta campus. This is relevant because of the corresponding climate zones according 
to the Building Code of Australia (BCA) (ABCB, 2016b). The GB in Parramatta is at the 
limit line of two climate zones. Because it is closer to Sydney and the Parramatta river, 
the GB is considered to be in Zone 5 (warm temperate) climate. The weather file used in 
this case corresponds to Sydney. Kingswood is closer to Penrith and the Blue Mountains 
and thus in Zone 6 climate, which corresponds to a mild temperate climate according to 











Building EHa in WSU Parramatta campus – Green-rated building 
Building Y in WSU Kingswood campus – Non-rated building 
 
Figure 29: Climate in the Sydney area (ABCB, 2016a, BoM, 2018, USDOE, 2018) 
 
Because there are no weather files for Penrith, the weather file for Richmond, New South 
Wales, was used in this study (ABCB, 2016a, BoM, 2018, USDOE, 2018). Figure 30 
shows the actual location of the buildings and Table 5 represents the main characteristics 











Figure 30: Distance between the two buildings (source: Google Maps) 
 
Table 5: Weather files, locations, and orientations 
 Non-rated building Green-rated building 
Weather file Richmond, NSW Sydney, NSW 
Climate zone 6 5 





Location Kingswood, NSW Parramatta, NSW 
Elevation (m) 20 12 
Orientation (o) 7 2 






















 Building fabric and infiltration rates 3.2.6
As mentioned in Section 3.2.3, data related to the building envelope, glazing, plug load 
densities, and equipment age must be estimated from reliable sources. This is more 
important for the existing building. Therefore, several assumptions were made based on 
available National Construction Code of Australia (NCC) data (ABCB, 2016a). 
 











1 K)W/m( 2 , (3) 
where U represents the overall heat transfer coefficient, hi is the internal convective heat 
transfer coefficient, ho is the external convective heat transfer coefficient, ti refers to the 
thickness of the ith layer, and kj is the thermal conductivity of the jth layer. 
 
The U values of the roofs, walls, floors, and glazing in both buildings vary from 0.16 to 
0.25 W/m2-K, 0.35 to 1.78 W/m2-K, 1.23 to 2.10 W/m2-K, and 3.50 to 5.40 W/m2-K, 
respectively. 
 
Windows are in general assumed to have dark coloured and dark pink internal shading 
equivalent to drapes in the green and existing buildings, respectively. Figure 33 represents 






a)    b)  
Figure 33: Internal shading: a) Green-rated building and b) Non-rated building 
 
The minimum outdoor air per occupant was assumed to be 10 L/s and the infiltration rate 
was estimated to be 0.7 and 0.6 air changes per hour (ACPH) in the existing and GBs, 
respectively. 
 
 Thermal zones and internal loads 3.2.7
To obtain the real density rates for the occupancy, plug loads, and lighting system as well 
as specifications related to the type of construction, AC system schedules, neighbourhood 
buildings, type of activities, and specific distances and/or measurements, an energy audit 
was performed in both buildings. The data for the GB were based on the as-built 
information1 and the data for the existing building were related to the mechanical systems. 
Several site visits were performed to collect additional real data.  
 
The models were divided in 32 and 52 different thermal zones for the green-rated and 
existing buildings, respectively, according to the type of activity, internal loads, and 
orientation (DoE, 2016, ABCB, 2016a, GBCA, 2015). The main activities in both 
                                               
 





buildings occur in offices, meeting rooms, computer labs, laboratories, corridors, server 
rooms, workshop areas, and technical and storage areas. Figure 34 and Figure 35 show 
the thermal zones of both buildings. Table 6 and Table 7 represent the total internal loads 
for the green-rated and existing buildings, respectively. 
 
 












Table 6: Thermal zones and internal loads of the green-rated building 











EHa_LG_LOBBY 481 4344 42 9793 9.0 0.09 20.4 
EHa_LG_MEETE 101 588 56 223.5 5.8 0.55 2.2 
EHa_LG_MEETW 143 798 68 944 5.6 0.47 6.6 
EHa_LG_OFFC 42 231 3 465 5.5 0.07 11.2 
EHa_LG_OFFE 161 1029 46 1181 6.4 0.29 7.3 
EHa_LG_OFFW 67 630 6 930 9.4 0.09 13.9 
EHa_LG_OFFW1 23 315 3 465 13.5 0.13 19.9 
EHa_LG_STOR 11 112 - - 10.3 - - 
EHa_LG_TECZ1 124 371 - 6764 3.0 - 54.4 
EHa_LG_TECZ2 294 1379 - - 4.7 - - 
EHa_G_COMP 123 756 49 4305 6.1 0.40 35.0 
EHa_G_LABA 299 1701 20 9494 5.7 0.07 31.8 
EHa_G_LABC 208 1008 53 2871 4.8 0.25 13.8 
EHa_G_LABE 280 1246 73 5993 4.5 0.26 21.4 
EHa_G_LABS 117 420 40 6199 3.6 0.34 52.8 
EHa_G_LABSW 241 839 53 2319 3.5 0.22 9.6 
EHa_G_LABW 217 1155 36 4714 5.3 0.17 21.7 
EHa_G_LOBBY 579 5276 44 31 9.1 0.08 0.1 
EHa_G_OFFA 69 238 2 158 3.5 0.03 2.3 
EHa_G_OFFC 161 1218 17 1799 7.6 0.11 11.2 
EHa_G_OFFW 150 1260 13 3047 8.4 0.09 20.4 
EHa_LG_TECZ 32 225 - 1599 7.0 - 50.0 
EHa_1_COMP 143 714 60 300 5.0 0.42 2.1 
EHa_1_LABE 212 945 39 3081 4.5 0.18 14.5 
EHa_1_LABS 197 1008 25 16364 5.1 0.13 82.9 
EHa_1_LABW 375 1806 52 828 4.8 0.14 2.2 
EHa_1_LOBBY 597 4788 29 3330 8.0 0.05 5.6 
EHa_1_MEET 55 269 20 146 4.9 0.36 2.6 
EHa_1_OFFC 61 399 10 790 6.5 0.16 12.9 
EHa_1_OFFE 73 630 6 930 8.6 0.08 12.7 
EHa_ST_E 55 196 - - 3.6 - - 
EHa_ST_W 50 224 - - 4.4 - - 





Table 7: Thermal zones and internal loads of the non-rated building 













G_WARH 165 638 - - 3.9 - - 
G_TZGS 153 522 - - 3.4 - - 
G_TZG 19 288 1 1202 14.8 0.05 62.0 
G_OFFGN 38 576 6 508 15.0 0.16 13.2 
G_LABGS 229 1426 23 18250 6.2 0.10 79.7 
G_LABGN 203 2492 16 2795 12.3 0.08 13.8 
G_LABGE 290 4774 30 21314 16.5 0.10 73.6 
G_ELEV 5 88 - - 18.0 - - 
G_CORGW 125 360 - - 2.9 - - 
G_CORGE 60 648 5 6691 10.9 0.08 112.1 
G_STN 91 324 - - 3.6 - - 
G_STS 72 288 - - 4.0 - - 
P1_TZ2 17 116 - - 8.5 - - 
P1_TZ1 24 144 - 835 6.0 - 34.8 
P1_STW 56 144 - - 2.6 - - 
P1_OFF1SZ 85 632 6 1169 7.5 0.07 13.8 
P1_OFF1S 97 1296 3 1717 13.3 - 17.7 
P1_OFF1N 98 692 6 2364 7.1 0.06 24.2 
P1_LABS 214 2420 33 660 11.3 0.15 3.1 
P1_LABN 506 6426 44 4197 12.7 0.09 8.3 
P1_COR1 294 1398 2 501 4.8 - 1.7 
P1_COMROM2 108 778 37 6012 7.2 0.34 55.7 
P1_COMROM1 119 1714 37 7186 14.4 0.31 60.3 
P2_SERV2 26 144 - 3000 5.6 - 117.6 
P2_SAREU 19 288 6 495 15.4 0.32 26.5 
P2_RECE2 28 594 2 1914 20.9 0.07 67.4 
P2_PROOM2 8 144 - 2685 17.6 - 327.4 
P2_OFF2S 38 720 4 1038 18.8 0.10 27.2 
P2_OFF2NW 70 418 11 1938 6.0 0.16 27.8 
P2_OFF2NE 38 720 4 888 18.8 0.10 23.2 
P2_FOTO 96 1440 4 6412 15.0 - 66.7 
P2_COPA2 34 432 10 11686 12.8 0.30 345.7 
P2_COMROM4 183 1412 54 5788 7.7 0.30 31.6 
P2_COMROM3 163 1576 51 8255 9.7 0.31 50.8 
P2_AUDIT 55 2494 20 2535 45.4 0.36 46.2 
P1_COR1 350 2326 8 662 6.6 - 1.9 
P3_SALREU3 29 280 10 506 9.5 0.34 17.2 


















P3_OFF3CE 32 432 6 756 13.5 0.19 23.6 
P3_COR3 360 2758 8 9640 7.7 - 26.8 
P3_PROOM3 2 72 - 2685 32.7 - 1220.5 
P3_OFF3W 14 288 1 236 20.6 0.07 16.9 
P3_OFF3SW 66 1008 6 1714 15.2 0.09 25.9 
P3_OFF3S 64 922 6 1791 14.5 0.09 28.2 
P3_OFF3NW 66 1008 8 1699 15.2 0.12 25.6 
P3_OFF3NE 17 216 1 401 13.0 0.06 24.2 
P3_OFF3N 78 1210 8 2317 15.5 0.10 29.7 
P3_OFF3E 25 168 4 948 6.7 0.16 37.8 
P3_OFF3CS 51 720 5 983 14.3 0.10 19.5 
P3_OFF3SE 25 168 3 550 6.7 0.12 22.1 
P3_SALREU31 17 56 10 - 3.4 0.60 - 
P4_TZ4 91 108 - - 1.2 - - 
Exterior Light - 4375 - - - - - 
 
 Air conditioning, ventilation, and hot water systems 3.2.8
The buildings and HVAC system operate from 6:30 am to 8 pm and from 8 am to 6 pm, 
respectively. The main set-point temperatures of the two buildings are similar: 23°C in the 
cooling season and 22°C in the heating season. Nevertheless, the set-point temperature of 
some rooms in the green-rated building are different, as mentioned in Table 12. The 
primary energy source for cooling and DHW is electricity and natural gas is used for 
heating.  
 
In the green-rated building, hydronic pipework was installed (25 km) to ensure the 
cooling and heating functions in common areas; both buildings have systems consisting of 







Table 8 shows the actual technical data for both buildings collected during the energy 
audit. 
Table 8: Technical HVAC data 
 
Non-rated building Green-rated building 
EER COP Efficiency (%) EER COP 
Efficiency 
(%) 
Split 2.5 / 3.2 2.8 / 3.6 -- 3.24 3.52 -- 
Multi split 2.9 / 3.5 3.5 / 4.1 -- -- -- -- 
Chiller 4.7 -- -- 3.21 / 5.2 -- -- 
VRF -- -- -- 3.15 3.47 -- 
Packaged 2.75 / 3.13 -- --   -- 
Boiler -- -- 72 -- -- 95 
DHW -- -- 100 -- -- 100 
 
Figure 36 and Figure 37 represent examples of the main internal loads in the buildings as 
well as the AC systems.  
 
   
   






   
   
Figure 37: Internal loads, HVAC, and DHW systems present in the green-rated building 
 
 Schedules 3.2.9
The actual occupancy, plug loads, lighting, and HVAC schedules were used in this case 
study. Both buildings operate from 6:30 am to 8 pm. When information was omitted, data 
were assumed based on the schedules provided by Green Star (GBCA, 2015).  
 













Figure 38: Occupancy schedules for classrooms, offices, and corridors 
 
 Results 3.2.10
The results were expressed in terms of the energy use (kWh p.a), environmental impact 
related to the GHG emissions associated with the energy used during the operation stage 
of the two buildings (tonCO2-eq p.a), and costs (AUD p.a). 
 
3.3 Sensitivity Analysis 
 Calibration and validation 3.3.1
To obtain a representation close to the actual operation, the simulations for both buildings 
were calibrated and validated according to their actual annual energy consumption. The 
simulated and monitored data were compared using error analysis to verify the deviation 
between the overall real energy use (or the annual HVAC energy use) and simulated 
results. Equations 4 to 6 represent the error method used within the current approach. 
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where MBE represents the mean bias error, Esim,i is the simulated overall energy during 
period i, Ereal,i is related to the real energy use during period i, Ereal refers to the average 
real energy use during period i, RMSE is the root-mean-square error, and CV is the 
coefficient of variation of the RMSE. An acceptable deviation range of ±10% was 
assumed (Yoon and Lee, 1999, Gucyeter, 2018). Table 9 represents the deviation between 
the non-rated and green-rated buildings obtained during the calibration process. 
 
Table 9: Calibration and validation 
 
Non-rated building Green-rated building 




RMSE +39081.06 kWh/yr -94782.20 kWh/yr +1450.90 kWh/yr 
CV +10% -8% +0.38% 
 
 
The calibration of the simulation model is described in Figure 39. The initial model 
(Sim1) comprises all information collected during the building audit as well as the as-built 
data; location; orientation; climate; and occupancy, plug load, HVAC, and lighting 

















Figure 39: Iterative calibration process (Gucyeter, 2018) 
 
The calibration is an iterative process, which targets deviations from the simulation results 
to actual monitored data such as electricity and natural gas usages and is stops when an 
acceptable deviation between the simulated model and monitored (actual) data is 
obtained. Table 10 represents the overall iterations for each model. 
 
Table 10: Number of iterations during the calibration process described in Chapter 4 
Non-rated building Green-rated building 
18 20 
 





















3.4 Statistical methods 
Statistical data in this research were treated with the International Business Machines 
(IBM) software SPSS Statistics Version 25 (IBM, 2018). The main control systems 
assumed in this research were specific for each chapter. The t-student method was used to 
evaluate the main differences among groups of independent variables. The chi-square 
method was used to determine the distribution of occupants in several different situations. 
To analyse the variables separately, logistic and linear regression analysis was used. A 
significance level of 5% was assumed for the test variables based on a likelihood ratio test 
(Pallant, 2003). 
 
 Chi-square test 3.4.1
The chi-square test was used for independent samples and the degrees of freedom used to 
perform the calculation were determined with the following equation (Pallant, 2003): 
 
                     
 
For the tests to be statistically significant, they must comply with 2 (df, n) < x and p < 
0.05 at a confidence interval of 95% (Pallant, 2003). The chi square distribution table 
used for all statistical studies in this research is presented in Appendix III. 
 
 T-tests 3.4.2
The t-tests were used for the independent samples and the degrees of freedom used for 






               
 
For the tests to be statistically significant, they must comply with t(df) < y and p < 0.05 
according to the Levene‘s test, at a confidence interval of 95% (R_Core_team, 2012). The 








CHAPTER 4. | MODEL DEVELOPMENT FOR THE 
PREDICTION OF THE ENERGY CONSUMPTION 
RELATED TO THE OCCUPANT BEHAVIOUR 
Chapter 4 represents the results from the predictions of the energy-related OB in buildings 
EHa and Y at WSU. To predict the OB, the occupants were categorised according to their 
level of awareness in terms of the energy use: real, intensive, and saving. Building 
simulations were performed to evaluate the main differences in and implications of the 
energy use of occupants of the three assumed categories.  
 
4.1 Occupant behaviour using building simulations 
The building sector of a country accounts for most of the energy use, consuming 
approximately one-third of the total primary energy. For example, the residential and 
commercial sectors in Australia account for 57% of the overall electricity use (IEA, 2014, 
IEA, 2018). The use of energy in buildings is directly impacted by the climate; building 
envelope; energy systems for lighting, AC, and ventilation, promoting the IEQ; building 
operation and maintenance; and OBs and activities. According to several researchers, the 
energy performance in a building is largely affected by the OB (Norford et al., 1994, 





movement, presence, activities, and interactions with building features and systems are the 
main types of OBs in a building (Yan et al., 2017). The behaviour of occupants with 
respect to adjusting the set-point temperature of AC systems, switching on/off lights, and 
closing or opening windows and doors and/or blinds may impact the overall building 
energy performance by more than 50% (Stazi et al., 2017, Khashe et al., 2015). 
Consequently, the energy demand in buildings is highly affected by the OB (Janda, 2011).  
 
Therefore, researchers have studied several factors that may impact the behaviour of 
occupants in buildings, including factors external to the ‗individual‘, such as the climate, 
temperature, accessibility to control building features noise, air velocity, time and activity 
type, and factors related to the ‗individual‘ such as expectations, perception of comfort, 
age, gender, individual values, and social interaction. 
 
Past advances in building sciences and technology as well as the implementation of 
sustainable building practices led to the reduction of negative impacts of buildings on the 
environment (Khashe et al., 2015). However, these advancements are not sufficient to 
understand the complexity of the OB (Hong et al., 2016b). Several factors may 
significantly impact the OB. These factors are mainly related to time-related actions, social 
and contextual factors, physiological and psychological factors, environmental parameters, 
and several other random factors (Stazi et al., 2017).  
 
Consequently, the IEA created Annexes 53 and 66 in 2013 to promote innovative software 
and behavioural models and develop studies that may lead to a deeper understanding of the 
OB in terms of the energy use. These models will allow the prediction of the energy use 





in existing energy modelling software tools (IEA, 2016b, Polinder et al., 2013, Yan et al., 
2017). Annexes 53 and 66 are incorporated in the ‗Program in Energy in Buildings and 
Communities‘, where Annex 53 addresses the ‗Total Energy Use in Buildings‘ and Annex 
66 represents the ‗Definition and Simulation of the Occupant Behaviour in Buildings‘.  
 
Based on the previous annexes and programs, researchers started to develop tools for the 
simulation of the OB such as obXML, obFMU, and the Occupancy Simulator (D‘Oca et 
al., 2018). Hong et al. (2017) raised ten questions concerning the three main overall issues 
with respect to the OB: oversimplified or ignored adaptive and nonadaptive OB throughout 
the building operation, lack of common agreement on the validity and applicability of OB 
modelling and simulation approaches, and unclear human-centred interdisciplinary 
solutions from the building level to the community scale. One of the main conclusions was 
that the OB during building operation has been oversimplified or simply ignored. The 
integration of the OB in the design, operation, and retrofit stages is critical to achieve the 
goal of low or zero energy buildings and fill one of the main gaps identified in literature, 
which is related to the difference between the predicted and actual energy use (de Wilde, 
2014, Nicol, 2001).  
 
Dynamic Building Energy Performance Simulations (BEPS) are indispensable to predict 
the building energy, understand energy flow processes, and optimise the energy use in a 
building during the design stage (Barthelmes et al., 2018). Nevertheless, results from BEPS 
may be inaccurate because fundamental phenomena are not understood. To address this 
issue, additional quality measurements and data, reliable models to simulate the OB and 
actions, and a standard framework integrating building simulation programs are required 





behaviours on the energy use in similar or identical buildings, the interactions between the 
OBs and their activities must be understood, as well as the energy systems, climate, 
building envelope, IEQ, and building operation and maintenance. This will allow the 
identification of energy-saving opportunities (Yoshino et al., 2017).  
 
Finally, according to the literature, green-building features may promote the satisfaction, 
comfort, productivity, and wellbeing of occupants. However, it is important to integrate 
occupants and energy systems to evaluate the impacts of OB on the use of energy in a GB. 
Studies have shown that green office buildings consume more energy than conventional 
office buildings with the same size and function (Khashe et al., 2015). The adaptive 
approach illustrates the natural tendency of occupants to changing conditions in their 
environment. Therefore, people are especially tolerant in buildings in which they have 
control over the mechanisms (Nicol and Humphreys, 2002).  
 
In this chapter, the impact of the OB on the overall energy performance of non-rated 
(existing) and GBs is analysed. In addition, the question if a building certified as ‗green‘ is 




The two buildings selected to analyse the impact of the OB on the overall energy 
performance were represented in Chapter 3. A non-rated building built in 1989 and a 6-star 
building built in 2016, rated according to the Australian certification system Green Star, 





respect to the occupancy rates, construction type, floor area, primary energy use, and 
activities. The main characteristics of both buildings are presented in Figure 40 and Table 
11. 
 
a)   b)  
Figure 40: Studied buildings: a) Non-rated building, b) Green-rated building 
 
Table 11: Buildings characteristics 
  Non-rated building Green-rated building 
Total floor area (m2) 5,242 5,696 
Conditioned area (m2) 4,667 5,181 
Unconditioned area (m2) 576 515 
Average occupancy intensity (occ/m2) 0.08 0.14 
Average plug load intensity (W/m2) 23.15 16.04 
Average light intensity (W/m2) 10.85 6.07 
Main activities Laboratories, offices, computer-/classrooms, and corridors 
Primary energy for cooling and DHW Electricity 







Building simulations were performed for both buildings according to the methodology 
described in Chapter 3 to study the OB in university buildings and compare a green-rated 
building with a non-rated building. Following Hong and Lin (2013) research on private 
offices, the occupants were categorised according to their level of energy use in two real 
university buildings.  
 
Three types of occupants were classified in this study with respect to their energy use: 
saving, real, and intensive. This categorisation serves as a general guideline for future 
research on university and GBs. 
 
 Occupant categorization 4.2.1
To determine how occupants impact the overall energy use in a building and if this impact 
is significantly different in a GB with the same characteristics, occupants were categorised 
according to their level of energy use. As mentioned previously, this study considers three 
different types of energy-related OBs (Hong and Lin, 2013).  
1. Energy-saving users: These users are aware of the relevance of their interactions with 
the building systems and features and the possible impact on the energy use. 
2. Real users: This category considers the real conditions in both buildings and serves as 
the baseline for the other two categories. 
3. Intensive energy users: This category represents the behaviour of occupants with a lack 






Table 12 illustrates the different OB categories and specific variations of to each situation 
related to the lighting and HVAC systems as well as the use of plug loads, shading, and 
windows and/or doors. 
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2 Almost all rooms in the green building have distinct set-point temperatures. These set-point temperatures may vary from 
19°C to 23°C and 18°C to 24°C for the heating and cooling functions, respectively. Offices are generally cooled to 23°C 
and heated to 22°C. 
3 Several schedules were adapted to Green Star schedules according to the type of activity due to the lack of information. 
Both buildings have the same schedules. Both are university buildings. 
4 According to real conditions. 
5 According to real conditions; activated only in offices. In labs, classrooms, and meeting rooms, the shadings are always 
on. 
6 Almost all rooms in the green building have a daylighting control. In the existing building, only labs and some 
classrooms have a daylighting control. Because the control system was unknown, a two-step dimming control was 
assumed. 
7 The real situation was considered to be the worst-case scenario. 
8 The management has the control when the building is unoccupied. 
9 The HVAC is controlled by the management. 
10 According to Green Star set-point temperatures. This may not be applicable to conditioned rooms with special 
conditions. 
11 All the time due to the balance between the time during which offices are unoccupied and when classes are being held in 
labs and/or classrooms. 





4.3 Statistical methods 
The results were statistically analysed using linear regression analysis and the t-student 
method to evaluate the differences of independent groups of variables. The IBM software 
SPSS Statistics Version 25 (IBM, 2018) was used for the t-student method and the 
variables were controlled according to energy used, occupant category, and type of 
building. The test was analysed within a significance level of 5% (Pallant, 2003). 
 
4.4 Results 
Figure 41 and Figure 42 represent the actual energy distributions per end use for the green 
and non-rated buildings, respectively. The results of the building simulations from actual 
data show that the highest-intensity energy uses in the GB are plug loads, followed by 
cooling, interior lighting, and heating because classrooms and laboratories have high 
energy-intensive plug load densities, in addition to office areas. However, cooling is the 
most intensive energy use in the non-rated building.  
 
 



















Figure 42: Energy distribution per end use for the non-rated building based on the 
occupant behaviour 
 
The main differences between the green- and a non-rated buildings were also identified. 
Because the load related to plug loads in the non-rated building is more intensive (23.15 
W/m2) compared with the GB (16.04 W/m2), it is expected that the percentage of plug 
loads as end use is higher. The main conclusion when comparing both figures and 
considering that the schedules of both buildings are similar because both buildings are 
university buildings is that the lighting, cooling, and heating systems installed in the GB are 
more efficient than those installed in the non-rated building. At this stage, it is not possible 
to draw conclusions about the impact of occupants on the overall energy use. 
 
Table 13 and Table 14 represent the main results for the two buildings as function of the 
three user categories assumed in this chapter: real, intensive, and saving. Additional 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 43 and Figure 46 represent the main simulations outputs for the ‗intensive‘ and 
‗saving‘ user categories. 
 























Table 15 represents the compilation of all results of the simulations performed according to 
the three user categories. The results are expressed in terms of the intensity of energy, GHG 
emissions, and costs as well as in terms of the reduction percentage. The column ‗ER 
Energy‘ refers to the reduction percentage when comparing the actual categorisation with 
the ‗real users‘. 
 
Table 15: All results regarding the occupant behaviours in university buildings 

















EB 190.45 -- 194.45 -- 9.94 -- 
-- GB with PV 163.66 -14 167.30 -14 10.74 8 





e EB 239.92 -- 248.76 -- 12.97 -- +26% 
GB with PV 221.45 -8 229.49 -8 13.94 7 
+31% 




 EB 101.03 -- 106.28 -- 5.59 -- -47% 
GB with PV 91.14 -10 95.86 -10 6.36 14 
-39% 
GB without PV 114.69 14 120.82 14 6.50 16 
 
The results show that the ‗intensive‘ and ‗saving‘ users have a significant impact on the 
overall energy use in buildings, confirming the statements made by Hong and Lin (2013). 
An ‗energy-saving‘ user promotes savings of ~39% and ~47% in the green and non-rated 
buildings, respectively, in terms of the energy use. Similarly, an ‗intensive‘ user increases 
the energy use by ~31% and ~26% in the green and non-rated buildings, respectively. 
Based on the comparison of these results with those reported by Hong and Lin (2013) for 
private offices in the San Francisco area, which is the most similar type of climate 





saving potential (42%) can be observed for the ‗energy-saving‘ user. However, when 
compared with the ‗intensive‘ user, the results are far beyond the range (89%). This may be 
due to the differences in the type of buildings and initial conditions assumed for this 
category (i.e. the management control system).  
 
When further analysing the results, a lower percentage of reduction is expected in the 
‗saving‘ category than in the ‗intensive‘ category in the GB. These differences show that if 
a building is classified as ‗green‘ and the conditions based on which it was certified are not 
maintained during its operational stage, the building will operate as a non-rated building. 
This can be verified with the annual net energy indicators, that is, 190.45 kWh/m2 for the 
non-rated building and 187.22 kWh/m2 in the green building, which only deviate by 2%. If 
both buildings are similar, a higher difference in the net energy indicators would be 
expected, that is, the net energy indicator of the GB would be considerably lower.  
 
To verify the similarity of the buildings and evaluate if there is a statistically significant 
difference between the energy indicator results, a T-test was performed. To be statistically 
significant, following conditions must be met: t(4) < 2.776 and p < 0.05 at a 95% 
confidence interval (R_Core_team, 2012). Consequently, the t-test shows that the results 
for the two buildings studied in this work show no significant statistical difference [t(4) = -
0.1; p = 0.9]. This test proves the reliability of this research. The green- and non-rated 
buildings are similar in terms of energy use when affected by the OB, which was expected 
because both buildings have similar schedules, types of activities, and net areas and similar 






The correlation among the three categories of occupants was determined to verify the 
reliability of the initial assumption for each category. Figure 47 and Figure 48 show that 
there is a strong correlation (EB = 97%, GB  100%) among the three energy-related OB 
categories studied in this research. 
 
 
Figure 47: Correlation among the categories for the non-rated building 
 
 
Figure 48: Correlation among the categories for the green-rated building 
Y = -69.31  X + 315.84 






















Y = -65.15  X + 312.61 


























In terms of the reduction per end use, Figure 49 shows the individual impact of the OB on 
the overall energy use per end use. The interactions of the occupants with the plug loads in 
both buildings represent the highest potentials for a reduction in the overall energy use, 
followed by the HVAC system and light. The interaction of the occupants with the shading 
system is not relevant in the GB. However, when the occupants interact with the shading 
system in the non-rated building, the overall energy use increases by 7%. This is due to 
increases of 23% and 14% in the heating and cooling functions, respectively. 
 
 
Figure 49: Energy reduction per end use due to the occupant behaviours in university 
buildings 
 
Figure 50 shows the overall impact on the energy use based on a specific end use for the 
OB categories studied in this research compared with a real user. The heating function end 
use is affected the most by the OB, in both buildings. This effect is especially significant in 
the non-rated building (approximately -86%), in both categories, and in the ‗saving‘ 
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Figure 50: Energy reduction per end use due to the occupant behaviour for ‗intensive‘ 
and ‗saving‘ users in university buildings 
 
Regarding the ‗intensive‘ user, the overall energy associated with lighting increases by 51% 
and 84% in the green and non-rated buildings, respectively. The ‗saving‘ user reduces the 
lighting energy by 59% in the GB and by 72% in the non-rated building. In terms of 
cooling, the increase in the usage is ≤18% in both buildings for the ‗intensive‘ user, while 
the usage decreases by ~34% in both buildings for the ‗saving‘ user. Similarly, the energy 
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category (GB = -34%, EB = -40%) and increases in the ‗intensive‘ category (GB = +47%, 
EB = +30%). The overall impact of the OB is more significant in the non-rated building 
compared with the green one, as confirmed by the results in Table 15. 
Figure 51 and Figure 52 represent the annual variation in the GHG emissions and total 
costs, respectively, due to the OB. If the energy produced by the photovoltaic (PV) system 
is not considered in the calculations, the GB has on average 14% higher GHG emissions 
and 20% higher costs than the non-rated building. 
 
 













Real user Intensive energy user Saving energy user
GHG emissions (tonCO2eq/yr) 






Figure 52: Total costs due to occupant behaviours in university buildings 
 
4.5 Chapter 4 summary 
Three categories of occupants were created in this study (saving, real, and intensive energy 
users) to analyse the impact of the OB on the energy use when interacting with system 
controls. The results show that the plug loads are the most significant type of end use in 
both studied buildings and thus have the highest potential with respect to the reduction of 
the energy use based on the OB.  
 
The OB has significant effect on the overall energy use. An ‗intensive‘ energy user will 
increase the overall energy use by an average of 29% in both buildings. A ‗saving‘ user will 
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is affected the most by the OB with respect to both of the categories in the non-rated 
building. In the GB, it is only relevant when the user is classified as ‗saving‘.  
 
In both the green and non-rated buildings, a ‗saving‘ user reduces the energy use when 
interacting with, in descending order, the light switch, plug loads, and cooling function. 
Similarly, an ‗intensive‘ user increases the use of energy when interacting with the light 
switch, plug loads, and cooling and slightly decreases the use of heating, only in the GB.  
 
The annual energy, GHG emission, and cost indicators for the non-rated building are 
190.45 kWh/m2, 194.45 kgCO2-eq/m2, and 9.94 AUD/m2, respectively. Similarly, the annual 
energy, GHG emission, and cost indicators for the green-rated building are 187.22 kWh/m2, 
192.27 kgCO2-eq/m2, and 10.87 AUD/m2, respectively. Therefore, by comparing all values, 
it is possible to perceive a variation within a similar range. It is thus possible to conclude 
that the GB is operating as a non-rated building. The results also show that the GHG 
emissions and costs are higher for the green-rated building than for the non-rated one. This 
fact is supported by Khashe et al. (2015) who reported that the more energy is spent in 
green-rated buildings than in non-rated buildings. However, Roetzel et al. (2010) stated that 
the ideal OB has a potential of reducing the carbon emissions by 50% in green-rated 
buildings. The present research complements this previous studies by verifying this 
potential reduction for green-rated but also non-rated buildings. 
 
This study shows that there is no significant relation between the green rating and the way 
occupants behave in terms of the energy use. Due to the OB, the overall energy use reduces 
or increases within similar ranges in both buildings. This is because in spite of being 





conditions are not carefully maintained according to the best practices. This conclusion is 
supported by actual set-point temperatures verified for the GB. Therefore, this study is 
extremely relevant, not only from a perspective of the energy-related OB but also as ‗wake-







CHAPTER 5. | DETERMINATION OF THE 
ACTUAL OCCUPANT BEHAVIOUR  
Chapter 5 addresses the results from 100 surveys about energy-related OBs in buildings 
EHa and Y at WSU. Statistical analysis was used to validate the relations among all OBs.  
 
5.1 Energy-related occupant behaviour survey 
The energy-related OB has been a matter of research since the early 1950s. Dick and 
Thomas (1951) started to collect data on the window-opening habits of occupants related 
to heat losses in air changes rates. After the world oil crisis, energy and the identification 
of the main energy-intensive factors of a country became a matter of increasing concern 
among researchers in the 1970s. The buildings were identified as the main energy users.  
 
More than 40% of the total primary energy use of a country is directly related to the 
building sector (IEA, 2016a). As an example, 85% of the electrical mix is provided by 
fossil fuels, such as coal, natural gas, and oil, in Australia. The residential and commercial 
sectors account for 31% and 26% of all electrical uses, which means that buildings have 
an impact of 57% on the overall electricity use in Australia (IEA, 2014, IEA, 2018). 





energy performance of a building. The OB includes their presence, movement, actions, 
and interactions with the systems and features of a building (Yan et al., 2017). When 
occupants interact with light switches, adjust the set-point temperature of the AC systems, 
close or open windows and blinds, they impact more than 50% of the energy performance 
of a building (Stazi et al., 2017, Khashe et al., 2015). Therefore, occupants have a 
significant impact on the energy demand of buildings (Janda, 2011).  
 
To investigate the OB in more detail, several driving factors, such as social and random 
factors, time-related actions, and environmental considerations, as well as psychological, 
contextual, and physiological factors were studied (Hong et al., 2016b, Stazi et al., 2017). 
In 2013, the IEA launched the ‗Program in Energy in Buildings and Communities‘ with 
the Annexes 53 ‗Total Energy Use in Buildings‘ and 66 ‗Definition and Simulation of the 
OB in Buildings‘ to study the energy-related OB in more detail. This promoted new 
behavioural and software models that could be integrated in existing energy modelling 
software to predict the energy use with higher levels of accuracy during the design stage 
of a building (IEA, 2016b, Polinder et al., 2013, Yan et al., 2017).  
 
The models aimed to fill one of the main knowledge gaps identified in the literature, 
which is related to the difference between the predicted and real energy use (de Wilde, 
2014, Nicol, 2001). This difference is due to static and simplified behaviour inputs in 
design simulation models. Several tools that can be used to simulate the OB have been 
developed such as obXML, obFMU, and the Occupancy Simulator (D‘Oca et al., 2018). 
Ten questions concerning the OB were raised in 2017. These questions intended to 
address three overall issues related to the energy-related OB (Hong et al., 2017): (1) 





operation; (2) Lack of an agreement on the validity and applicability of OB models; and 
(3) Simulation approaches and unclear human-centred interdisciplinary solutions from the 
building level to the community scale.  
 
One of the main conclusions of Hong was the increasing trend in the use of surveys to 
report physical and social–psychological factors that may be useful guidelines for 
researchers and policymakers when evaluating energy efficiency strategies. The data 
generated from the surveys can also be used as input data associated with the OB in 
simulation programs (Barthelmes et al., 2018, Andersen et al., 2009, Feng et al., 2016). 
 
Surveys have been conducted for several years to collect occupant perceptions and 
opinions related to several different subjects. The occupant wellbeing and thermal 
comfort in line with the IEQ was addressed by Bluyssen et al. who studied 56 buildings in 
Europe by considering occupant input data related to their perceptions of the thermal 
comfort, IAQ, and light and noise levels (Bluyssen et al., 1996). The results showed that 
the thermal comfort and adaptive controls are the main indicators of occupant comfort 
inside buildings. The occupant comfort can be evaluated by determining the PMV and 
PPD indexes used by ASHRAE and EN ISO 10551 (Fanger, 1970, Fabbri, 2013, 
EN_ISO_10551, 1995). The satisfaction of occupants inside buildings is therefore an 
important factor because occupants are constantly interacting with all systems and 
features in buildings. A study that was performed to evaluate the use of energy in large 
companies according to the gender, age, and years of employment showed that energy 
waste is related to the lack of information and misuse of energy (Nisiforou et al., 2012). 
Therefore, surveys are excellent tools to evaluate behavioural patterns with respect to the 





Surveys that were conducted in several countries with different climate conditions 
contributed to the understanding of the adaptive thermal behaviour of occupants when 
interacting with lighting, blinds, windows, fans, and space heaters in office buildings. The 
adaptive approach illustrates the natural tendency of occupants to change their 
environmental conditions. Therefore, people tend to be more tolerant in buildings in 
which they can control the mechanisms (Nicol and Humphreys, 2002). The results from a 
different studied showed that the OB is affected by the characteristics of the built 
environment, more specifically, the age of the building (Rinaldi et al., 2018).  
 
Based on the literature, the ‗green‘ rating has a positive influence on occupants; it 
increases their tolerance and pro-environmental behaviour compared with non-GBs 
(Leaman and Bordass, 2007). Occupants of a GB tend to choose natural instead of 
artificial light. In 2015, as study was conducted using an immersive virtual environment; 
two groups were compared, that is, one in an LEED-certified environment and one in a 
non-LEED-certified environment. The researchers concluded that the test group in the 
‗green‘ environment preferred natural light, interacted more often with the shading 
system, and chose recycling instead of regular trash cans (Khashe et al., 2015).  
 
In this chapter, the perceptions and interactions of occupants with building systems and 








Two representative occupant groups of the green-rated and non-rated existing building 
were selected and studied. Both buildings had similar characteristics with respect to the 
floor area, activity type, construction type, and occupancy rates. The main characteristics 
of the two buildings are represented in Table 16. Before conducting the occupant surveys, 
the surveys had to be approved by the local ethics committee. 
 
Table 16: Main characteristics of the buildings 
 Non-rated Building Green-rated building 
Total floor area (m2) 5,242 5,696 
Conditioned area (m2) 4,667 5,181 
Unconditioned area (m2) 576 515 
Average occupancy intensity (occ/m2) 0.08 0.14 
Average plug loads intensity (W/m2) 23.15 16.04 
Average light intensity (W/m2) 10.85 6.07 
Annual energy intensity (kW/m2) 190.45 187.22 
Year of construction* 1989 2016 
Orientation (o) 7 2 






Main activities Laboratories, offices, computer-/classrooms and corridors 
Occupant typology Academic, students, technical, and administrative 
Primary energy for cooling and DHW Electricity 
Primary energy for heating Natural gas 






The occupants were addressed and invited to participate in a survey with the aim to 
collect data on their opinions related to their interaction with the building systems and 
their perception towards energy use. Once they agreed to participate, the surveys were 
delivered on paper and collected either immediately after their completion or later on.  
 
 Sample size 5.1.2
The methodology selection is extremely important because a sample should be a reliable 
representation of the whole population. If an unsuitable sample is used, the overall results 
may be compromised due to the lack of reliability. Belafi et al. (Deme Belafi et al., 2018) 
suggested the use of an appropriate sample size for surveys related to the OB. The 
following equation can be used to calculate a proper sample size: 
 
 

















where Ns represents the minimal sample size, Np is the size of the whole population, pp is 
related to the proportion of subjects that may reply in a specific way, B refers to the 
acceptable level the sampling error, and Cz is a parameter associated with the confidence 
interval designated by the Z statistic. 
 
According to Belafi et al. (Deme Belafi et al., 2018), the p parameter should be 
conservative and the use of 0.5 (50%) as the ratio of the individuals that may answer in a 





0.05 (± 5%) or 0.03 (± 3%). Finally, the use of 1.645, 1.960, and 2.576 was suggested for 
the Z statistic parameter at a confidence level of 90%, 95%, and 99%, respectively.  
 
Table 17 represents the samples used in the present study. 
 
Table 17: Definition of the samples 
 
Non-rated Building Green-rated building 
Calculated sample Used sample Calculated sample Used sample 




p 0.5 0.5 
B 0.03 0.03 
C 2.576 2.576 
Ns 11 occ 9 occ 
 
 Sample representativeness 5.1.3
A total of 100 surveys were conducted, that is, 50 surveys in each building, from 
September to October 2018. The level of response was 88% in the existing building and 
50% in the GB. The reliability of the representativeness of the samples is based on the 
ASHRAE Standard 55, which states the main guidelines for the Thermal Environmental 
Conditions for Human Occupancy (ASHRAE, 2013).  
 
According to ASHRAE, the response rate must be higher than 35% for samples of more 
than 45 occupants. If the sample size is between 20 and 45 occupants, a minimum of 15 
                                               
 
13 Occupants (occ) 





occupants must reply to obtain a reliable response rate. Finally, a sample size under 20 
occupants requires a level of response of 80% (ASHRAE, 2013). Table 18 shows the 
representativeness of the samples for the two buildings. 
 
Table 18: Representativeness of the samples 
 Non-rated Building Green-rated building 
Delivered surveys 50 occ 50 occ 
Collected surveys 44 occ 25 occ 
Response level 88% 50% 
 
 Surveys 5.1.4
The surveys intended to address questions that are related to the energy-related awareness 
and behaviour of occupants when interacting with the following items: 
 Thermal and visual discomfort; 
 Perceived comfort temperature; 
 Adaptive behaviour related to the frequency of interactions with lighting, 
windows, shading, and air-conditioning; 
 Gender composition and working role of the occupants; and 
 Workplace physics; type, size, and location. 
 
The main objective of this study is to evaluate the interactions of occupants with 
mechanical and electrical systems/equipment in buildings. Therefore, a five-point scale 





of interacting with the systems/equipment and the highest score is related to the most 
frequent interaction. The surveys used in this research are presented in Appendix IV. 
 
5.2 Statistical methods 
The surveys were created with the online software SurveyMonkey (SurveyMonkey, 
2018) and all statistical data were treated with the IBM software SPSS Statistics Version 
25 (IBM, 2018). The main control systems assumed in this study were the interactions of 
occupants with appliances, lighting, heating, cooling, windows, and solar shading. The t-
student method was used to evaluate the main differences among groups of independent 
variables. The chi-square method was used to understand the distribution of occupants in 
several different situations. To analyse the OB in terms of energy use, the variables were 
analysed separately using logistic and linear regression analyses. A significance level of 
5% was assumed for the variables based on a likelihood ratio test (Pallant, 2003). 
 
5.3 Results 
Surveys were delivered to 100 occupants; 50 surveys were delivered to occupants of the 
non-rated building and 50 surveys were delivered to the occupants of the GB. A total of 
44 surveys were completed in the non-rated building and 25 surveys were completed in 
the GB. Surprisingly, the response rate in the non-rated building was 38% higher than that 
in the GB. Table 19 illustrates the main control systems used in the present study. The 








Table 19: Interaction of occupants with building systems according to gender 
 
 
Table 20 shows the main demographic characteristics of the two samples for both 
buildings. Because the distribution of females and males is different in both buildings, a t-





Never 16.7% 6.3% 9.1% 29.4% 25.0% 28.0%
Sometimes 41.7% 53.1% 50.0% 58.8% 50.0% 56.0%
Always 41.7% 40.6% 40.9% 11.8% 25.0% 16.0%
Never 0.0% 12.9% 9.3% 11.8% 0.0% 8.0%
Sometimes 16.7% 25.8% 23.3% 41.2% 12.5% 32.0%
Regularly 58.3% 45.2% 48.8% 41.2% 62.5% 48.0%
Always 25.0% 16.1% 18.6% 5.9% 25.0% 12.0%
Unable 8.3% 3.1% 4.5% 6.3% 0.0% 4.3%
Never 8.3% 15.6% 13.6% 50.0% 42.9% 47.8%
Sometimes 16.7% 18.8% 18.2% 12.5% 28.6% 17.4%
Regularly 25.0% 31.3% 29.5% 6.3% 14.3% 8.7%
Always 41.7% 31.3% 34.1% 25.0% 14.3% 21.7%
Unable 70.0% 52.2% 57.6% 13.3% 0.0% 8.7%
Never 30.0% 21.7% 24.2% 46.7% 37.5% 43.5%
Sometimes 0.0% 4.3% 3.0% 20.0% 62.5% 34.8%
Regularly 0.0% 21.7% 15.2% 13.3% 0.0% 8.7%
Always 0.0% 0.0% 0.0% 6.7% 0.0% 4.3%
Unable 70.0% 47.8% 54.5% 42.9% 28.6% 38.1%
Never 30.0% 21.7% 24.2% 35.7% 71.4% 47.6%
Sometimes 0.0% 13.0% 9.1% 14.3% 0.0% 9.5%
Regularly 0.0% 13.0% 9.1% 7.1% 0.0% 4.8%
Always 0.0% 4.3% 3.0% 0.0% 0.0% 0.0%
Unable 70.0% 50.0% 56.3% 64.3% 57.1% 61.9%
Never 30.0% 27.3% 28.1% 28.6% 28.6% 28.6%
Sometimes 0.0% 13.6% 9.4% 7.1% 14.3% 9.5%
Regularly 0.0% 9.1% 6.3% 0.0% 0.0% 0.0%
Unable 60.0% 52.4% 54.8% 66.7% 50.0% 60.0%
Never 40.0% 28.6% 32.3% 25.0% 25.0% 25.0%
Sometimes 0.0% 9.5% 6.5% 8.3% 25.0% 15.0%
Regularly 0.0% 9.5% 6.5% 0.0% 0.0% 0.0%
Unable 54.5% 45.5% 48.5% 50.0% 37.5% 45.8%
Never 36.4% 22.7% 27.3% 25.0% 37.5% 29.2%
Sometimes 0.0% 18.2% 12.1% 12.5% 0.0% 8.3%
Regularly 0.0% 13.6% 9.1% 12.5% 12.5% 12.5%
Always 9.1% 0.0% 3.0% 0.0% 12.5% 4.2%
Unable 0.0% 14.8% 10.3% 31.3% 12.5% 25.0%
Never 41.7% 11.1% 20.5% 18.8% 37.5% 25.0%
Sometimes 41.7% 55.6% 51.3% 25.0% 12.5% 20.8%
Regularly 0.0% 14.8% 10.3% 18.8% 37.5% 25.0%
Always 16.7% 3.7% 7.7% 6.3% 0.0% 4.2%
Unable 18.2% 28.6% 25.6% 52.9% 50.0% 52.0%
Never 36.4% 21.4% 25.6% 11.8% 25.0% 16.0%
Sometimes 36.4% 32.1% 33.3% 23.5% 0.0% 16.0%
Regularly 9.1% 14.3% 12.8% 5.9% 25.0% 12.0%
Always 0.0% 3.6% 2.6% 5.9% 0.0% 4.0%
Periodicity that portable 
electronic devices are charged
















Table 20: Representativeness of the samples 
(n = 69)  (n = 44) Non-rated building (n = 25) Green-rated building 
Gender 
Female (12) 27% (17) 68% 
Male (32) 73% (8) 32% 
Work role 
Academic (20) 45% (4) 16% 
Student (18) 41% (13) 52% 
Administration (3) 7% (3) 12% 
Technical (3) 7% (5) 20% 
Age 
Average 30–40 30–40 
Standard Deviation 1.337 0.862 
Maximum >60 50-60 
Minimum <30 <30 
 
Similarly, it is possible to identify a discrepancy within the working roles when 
comparing the GB with the non-rated one. Table 21 represents the statistics for the two T-
tests.  
 
Table 21: Group statistics for the gender and working role t-tests 
(n = 69)  n M SD SEM 
Gender 
Green-rated building 25 1.32 0.476 0.095 
Non-rated building 44 1.73 0.451 0.068 
Work role 
Green-rated building 25 2.68 1.435 0.287 
Non-rated building 44 1.89 1.205 0.182 
Age 
Green-rated building 25 1.92 0.862 0.287 






For the two tests to be statistically significant according to Levene‘s test, they must 
comply with t(67) < 2.00 and p < 0.05 at a confidence interval of 95% (R_Core_team, 
2012). The t-distribution table used for this statistical study is presented in Appendix III.  
 
The results of the two T-tests show that there is no significant statistical difference in the 
gender [t(67) = -3.536; p = 0.430] category. However, significant statistical difference 
was observed between the two buildings with respect to the working role [t(67) = 2.452; p 
= 0.035] (Griffith, 2010). Therefore, it can be assumed that the overall population in both 
buildings in terms of gender is statistically similar. 
 
 Heating and cooling 5.3.1
It was expected that the occupants do not interact with the air-conditioning system in both 
buildings. The cooling and heating functions are controlled by the management system. 
Only in a few rooms, air-conditioning is supplied by individual units, such as splits and 
localised variable refrigerant flow system (VRF), instead of a centralised system. Figure 







Figure 53: Representation of the interactions of occupants with the HVAC system for 
both buildings 
 
Figure 54 and Figure 55 represent the normal distribution of the interactions of occupants 




Figure 54: Interactions of occupants with the HVAC system in the green-rated building 
Frequent interaction with Ceiling fan
Frequent interaction with Portable fan/
heater
Frequent interaction with Ducted air-
conditioning/Thermostat
Experience thermal discomfort in
workplace environment
When hot Use a personal fan
When hot Adjust the thermostat
When cold Use a personal heater
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Figure 55: Interactions of occupants with the HVAC system in the non-rated building 
 
The figure scale varies from 1 (unable) and 2 (never) to 4 (regularly) and 5 (always). The 
results show that most occupants do not interact with the air-conditioning system. 
 
Approximately 80% of the occupants never interact with the air-conditioning system. In 
the GB, 88% and 83% of the occupants never adjust the thermostat when feeling hot or 
cold, respectively. Similarly, 63% and 71% of the occupants in the non-rated building 
never adjust the thermostat when feeling hot or cold, respectively.  
 
The occupants feel some sort of thermal discomfort in both buildings; 80% in the GB and 
84% in the non-rated one. To face thermal discomfort, 28% of the GB occupants 
sometimes use a personal fan when feeling hot and 17% regularly use a personal heater 
when feeling cold. Similarly, 37% of the occupants in the non-rated building use a 







The Chi-square test was used to understand why occupants feel thermal discomfort. In 
this case, the samples are independent. Therefore, for the tests to be statistically 
significant, they must comply with 2 (3, n = 69) < 7.8 and p < 0.05 at a confidence 
interval of 95% (Pallant, 2003).  
 
Table 22: Gender significance in terms of thermal discomfort based on the Chi-square 
test 
(n = 69) 
 
Never Sometimes Regularly Always 
Green-rated building 
Female 23.5% 52.9% 11.8% 11.8% 
Male 12.5% 25.0% 62.5% 0.0% 
Non-rated building 
Female 16.7% 50.0% 16.7% 16.7% 
Male 15.6% 62.5% 12.5% 9.4% 
 
According to Table 22, there is no significant correlation between the gender and thermal 
discomfort, neither in the GB [2GB (3, n = 25) = 7.2, p = 0.065] nor in the non-rated one 
[2EB (3, n = 44) = 0.8, p = 0.860]. Nevertheless, it is relevant to notice that women are 
more tolerant (sometimes: 52.9%) than man (regularly: 62.5%) in a GB compared with a 
non-rated building in which the distribution among females and males is similar.  
 
Table 23 illustrates the dispersion per age range when comparing the age significance in 
terms of the thermal discomfort. It can be concluded that there is no significant relation 
between the age and thermal discomfort in the GB [2GB (3, n = 25) = 6.9, p = 0.646]. 
However, the analysis of the results for the non-rated building [2EB (3, n = 44) = 21.3, p 
= 0.046] shows that the age has a significant impact on the thermal comfort of the 





Table 23: Age significance in terms of the thermal discomfort based on the Chi-square 
test 
(n = 69) 
 
Never Sometimes Regularly Always 
Green-rated building 
<30 22.2% 55.6% 11.1% 11.1% 
30–40 30.0% 20.0% 40.0% 10.0% 
40–50 0.0% 60.0% 40.0% 0.0% 
50–60 0.0% 100.0% 0.0% 0.0% 
>60 0.0% 0.0% 0.0% 0.0% 
Non-rated building 
<30 27.3% 36.4% 36.4% 0.0% 
30–40 5.6% 61.1% 5.6% 27.8% 
40–50 40.0% 40.0% 20.0% 0.0% 
50–60 0.0% 100.0% 0.0% 0.0% 
>60 16.7% 83.3% 0.0% 0.0% 
 
Other relevant variables that may lead occupants to experience thermal discomfort are 
represented on Table 46 (Appendix VI). The workplace characteristics impact the 
perception of comfort in the non-rated building. In fact, overall, 43% of the occupants that 
work in a private office always feel some sort of discomfort, in both buildings. Similarly, 
77% of the occupants who work in a shared office feel thermal discomfort on a regular 
basis, while 22% of the occupants who work in open environments tend to sometimes feel 
thermal discomfort. 
 
The overall satisfaction of occupants close to a window is directly related to their 
discomfort perception in the GB. It can also be concluded that the addition of clothing of 






Note that the actions of the GB‘s occupants to maintain a constant temperature inside the 
workplace are statistically significant when they are close to a supply air vent [2GB (3, n 
= 69) = 12.8, p = 0.005]. This action is not statistically significant in the non-rated 
building [2EB (4, n = 69) = 5.0, p = 0.288].  
 
 Window and door opening 5.3.2
In total, 32% of the occupants in a GB interact with windows in some way, in contrast to 
only 15.4% of the occupants in the non-rated building. A T-test was performed to 
determine if there are any significant differences in the way occupants behave when 
interacting with windows or doors in both buildings. Statistically, there is no significant 
difference among the main variables related to the interaction of occupants and windows 
or doors in both buildings.  
 
There is only a statistical difference in the way occupants behave when they are cold and 
open or close a window (Table 47 from Appendix VI). The age and gender are not 
relevant factors affecting the way occupants interact with the opening of windows. 
Nevertheless, the results show that males (GB = 25%, EB = 17.8%) tend to open or close 
windows on a regular basis and more frequently than females (GB = 12%, EB = 9.1%). In 
the GB, 33% of the younger generations sometimes interact with windows, in contrast to 
35% of the middle-age occupants who interact with windows on a regular basis. In the 
non-rated building, 33% of the older generations sometimes interact with windows, while 






To understand why occupants open or close windows or doors, the relationship of 
occupants with the maintenance of a constant temperature in the workplace was 
determined.  
 
Table 24: Interaction with windows and doors to maintain a constant temperature based 
on the chi-square test 
 
Maintain a constant temperature in the workplace 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Open or close a 
window 26.1 12 0.010 S 19.3 12 0.080 NS 
Open or close a door 18.9 12 0.195 NS 30.9 16 0.016 S 
Open or close door 
when hot 11.4 12 0.491 NS 18.0 16 0.322 NS 
Open or close 
window when hot 22.4 12 0.033 S 19.8 16 0.230 NS 
Open or close door 
when cold 10.3 12 0.586 NS 25.6 16 0.061 NS* 
Open or close 
window when cold 22.2 12 0.035 S 16.8 16 0.398 NS 
* Closer to the limit 
 
According to Table 24, occupants from the GB open or close windows to maintain a 
constant temperature in the workplace when they are feeling either hot or cold. However, 
in the non-rated building, occupants control the temperature in their workplace by 
opening or closing their workplace‘s door. Because the Chi-square test shows no 
statistical significance when occupants interact with doors, either when it is cold or when 
it is hot, but the significance is close to the limit (p = 0.061), a logistic regression was 






When comparing the opening of a door with the temperature (hot or cold) in a workplace, 
75.4% of the occupants feeling cold close or open a door. Hence, it can be assumed that 
the occupants of the non-rated building open or close doors in their workplace when they 
are cold.  
 
 Lighting 5.3.3
The lights in some rooms in the GB are automatically controlled by electronic 
programmable lighting control and dimming systems. Similarly, some rooms in the non-
rated building are automatically controlled. However, occupants can interact with the 
lighting system in the office areas in both buildings.  
 




Figure 56: Interactions of occupants with the lighting systems in both buildings 
Light switch (Overhead)
Light dimmer (Overhead)
Task light (Desk lamp)
Visual discomfort at workplace due to sunlight and glare
Close window blinds / shutters / shades when facing
visual discomfort


















































In total, 57% of the occupants in the GB interact with the overhead lights, while 82% of 
the occupants interact with the lights in the non-rated building. Occupants tend to feel 
more visual discomfort in the non-rated building (64%) than in the GB (40%). To avoid 
visual discomfort, the occupants either close the window blinds (GB = 88%, EB = 93%) 
or turn off the overhead artificial light (GB = 76%, EB = 55%). 
 
Age has a statistical significance [2EB (16, n = 44) = 27.6, p = 0.036] based on the 
comparison of the occupant age and interactions with the light switch in the non-rated 
building. In fact, this interaction indicates that 50% of the older occupants and 100% of 
the middle-age occupants always interact with the light system, while 36.4% of the 
younger generations regularly interact with the light system. In the green-rated building, 
this interaction is not statistically significant [2GB (12, n = 23) = 12.8, p = 0.381]; the 
middle-age generation always interacts (60%) with the lighting system and the younger 
generation only sometimes interacts with the lighting system (33.3%).  
 
The gender of occupants interacting with the light switch is statistically insignificant. The 
distribution of males and females in the GB (28.6% and 31.3%) and non-rated building 
(62.6% and 66.7%) are similar. Note that women in both buildings tend to interact more 
frequently with light switches than man. 
 
Figure 57 and Figure 58 represent the normal distribution of the interactions of occupants 








   
 
   
Figure 57: Occupant interactions with the lighting system in the green-rated building 
 
   
 
   





Figure 57 and Figure 58 show that the scale varies from 1 (unable) and 2 (never) to 4 
(regularly) and 5 (always) and the mean value is 3 (sometimes). This means that most of 
the occupants interact with the lighting system. Figure 59 represents the interactions of 
occupants with the lighting system during daytime. 
 
 
Figure 59: Daytime interactions of the occupants with the lighting system in both 
buildings 
 
In the non-rated building, 46% of the occupants are either proactive or very proactive with 
respect to switching off the lights when leaving their workplace at the end of the day, in 
contrast to 34% in the GB. Similarly, 47% of the occupants in the non-rated building 
























































The age of occupants has a direct impact on the switching off of the lights at the end of 
the day [2EB (16, n = 44) = 27.4, p = 0.037] in the non-rated building. Similar to the 
interaction with the air-conditioning system, older generations are more proactive than 
younger generations. However, the gender has no significant impact. 
 
All occupants in the GB expressed that their workplace has satisfactory light levels; 
therefore, some tests to understand occupant perceptions and interactions with the lighting 
system could not be statistically performed. Nevertheless, it was possible to draw some 
conclusions for the non-rated building.  
 
The workplace characteristics have a direct impact on the perception occupants have 
related to the amount of satisfactory light in a room [2EB (3, n = 44) = 9.8, p = 0.021]. 
Occupants in enclosed private offices (41%) mentioned that they have enough light, in 
contrast to those who work in a fully open environment (10.3%). The size of a workplace 
correlates with the action of switching off the lights during daytime (R2 = 71%). In terms 
of the visual discomfort, the workplace characteristics show no statistical significance.  
 
The fact that the occupants are close to a window is not deterministic to assume that it is 
connected to their perceptions of satisfactory light in a room [2EB (1, n = 44) = 3.3, p = 
0.068]. However, 89.7% (GB = 80%) of the occupants close to a window mentioned that 
they have enough light in their workplace. Occupants who work close to a window feel 
some sort of visual discomfort (EB = 54%, GB = 40%). 
 
A linear regression was performed for the non-rated building to understand if the location 





room. The results show a correlation of 81%, which means that the location of the 
workplace does impact the occupants‘ perception of the levels of light in a room and thus 
the switching off of artificial lights during daytime (R2 = 69%). This correlation is 
insignificant in the GB (R2 = 12%). 
 
Error! Reference source not found.Occupants of the GB turn off the artificial lights and 
close the window blinds when experiencing visual discomfort (Table 50 Appendix VI). 
However, this correlation is insignificant in the non-rated building. Because of the 
significance of visual discomfort in the GB related to the workplace location was close to 
the limit (0.05), a logistic regression was performed to determine the relationship between 
the visual discomfort and location of the workplace. A correlation of 19.3% was obtained 
from the logistic regression, indicating a small, insignificant relation. However, when the 
same test was performed in the non-rated building, a correlation of 89% was obtained, 
which contradicts the chi-square test. This means that occupants experience visual 
discomfort depending on their workplace location. 
 
Similarly, after performing a logistic regression for the occupants in the non-rated 
building to understand if their interaction with blinds is due to visual discomfort, a 
correlation of 85% was obtained. This illustrates that occupants in the non-rated building 
close the blinds due to glare or visual discomfort and not due to levels of light (R2 = 6%). 
Consequently, occupants will switch on artificial lights (R2 = 83%). This last correlation 
is insignificant in the GB (R2 = 49%), which is probably due to the fact that the 







Furthermore, a t-test was performed for both buildings to determine if there is any 
difference in the way occupants interact with the lighting system based on the gender and 
working role. The results in Table 48Error! Reference source not found. (Appendix VI) 
show that there is no statistical significance with respect to correlation between the gender 
and the way occupants interact with the lighting system, in both buildings. Similarly, 
there is no statistical significance with respect to the way academics or students interact 
with the lighting system, in both buildings (Table 49 from Appendix VI). However, 
students in the GB are 8% more proactive in switching off the lights during the daytime 
than academics. 
 
It is interesting to determine if the green rating has an impact on the way occupants 
interact with the lighting system. According to past research, the ‗GB‘ rating impacts the 
way occupants perceive energy (Turner, 2006, Khashe et al., 2015). Therefore, Table 25 
represents the interactions of occupants of the GB with the lighting system. 
 
Table 25: Relevance of the green building rating for the light use based on a chi-square 
test 
 
Occupants know that they are in a green building 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Turn off artificial 
lights 5.1 4 0.277 NS 2.9 4 0.577 NS 
Leaving artificial 
lights off in daytime 1.2 3 0.741 NS 2.5 4 0.644 NS 
Switching off the 
artificial lights at the 
end of the day 






The table shows that there is no statistical significance with respect to the way occupants 
interact with the lighting system only based on the ‗green‘ rating. 
 Appliances 5.3.4
Both buildings in this case study are university buildings that comprise several types of 
activities such as offices, laboratories, and computer labs. However, the appliances 
considered in the present research are the ones occupants interact more frequently with. 
Table 26 illustrates the number of appliances occupants daily interact with. 
 
Table 26: Appliances occupants frequently interact with in both buildings 
 
Green-rated building Non-rated building 
 
M Sum n SD M Sum n SD 
Number of computers 0.88 22 25 0.600 0.59 26 44 0.693 
Number of laptops 0.64 16 25 0.700 0.84 37 44 0.428 
Number of radios and/or 
speakers 0.32 8 25 0.748 0.09 4 44 0.362 
Number of charging 
stations 0.48 12 25 0.586 0.45 20 44 0.730 
Number of desk phones 0.64 16 25 0.860 0.75 33 44 0.438 
Number of mobiles 1.20 30 25 0.645 0.95 42 44 0.526 
Number of coffee 
machines, dishwashers, or 
toasters 
0.56 14 25 0.821 0.25 11 44 0.488 
Number of monitors 0.72 18 25 0.678 0.84 37 44 0.805 
Number of printers 0.80 20 25 0.866 0.43 19 44 0.545 
 
Figure 60 and Figure 61 represent the normal distribution of the interactions of occupants 






   
 
Figure 60: Interactions of occupants with appliances in the green building 
 
   
 
Figure 61: Interactions of occupants with appliances in the non-rated building 
 
Figures 60 and 61 show that the scale varies from 1 (never) to 3 (always) in the graphic 
related to the periodicity at which occupants switch off the appliances and from 1 (never) 
and 2 (very little proactive) to 4 (proactive) and 5 (very proactive) in the graphic related to 
occupants turning off the computer at the end of the day. Note that the first graphic shows 
small differences among the two buildings; however, occupants in the non-rated building 
are more proactive with respect to turning off the computer at the end of the day than 
occupants in the GB. Therefore, it can be concluded that most of the occupants interact 





The age, gender, and working role have no statistically significant impacts on the way 
occupants interact with appliances, as illustrated in Table 51 (Appendix VI).  
 
However, the results for the GB show that the gender impacts the turning off of 
computers at the end of the day. Females are more proactive than males (+12.6%). 
Similarly, the working role impacts how a dishwasher is used. Technical staff tends to be 
more proactive than academic staff (+46.7%). However, note that the results for the non-
rated building show an opposite trend, that is, +25.6% of females and +42.8% of the 
technical staff are more proactive in the first and second situation, respectively.  
A logistic regression was performed to analyse the relation between the age and the 
periodicity at which appliances are switched off. The results show a 10% correlation, 
supporting the lack of a statistical significance obtained from the Chi-square test. 
 
Among the occupants who know that are in a GB, 84.2% switch off their appliances, in 
contrast to 33% of the occupants who do not have that perception. Therefore, it can be 
assumed that the ‗green‘ rating impacts the behaviour of the occupants in terms of the 
energy use, as shown in Table 52 (Appendix VI)Error! Reference source not found.. 
However, in the non-rated building, 89% of the occupants who know that they are not in a 
GB switch off the appliances. Nevertheless, in this case, it is not statistically significant 
that occupants‘ patterns in terms of energy use change because occupants are aware that 
they are not in a GB. 
 
In conclusion, there is no statistical significance in assuming that occupants interact with 
appliances more energy-efficiently based on the ‗green‘ rating or that the rating has a 





al., 2015). The previous conclusion is only valid for the period when occupants switch off 
appliances and not for when they are using them; however, it is important to highlight its 
large effect (>0.5) (Pallant, 2003). 
 
 Satisfaction levels 5.3.5
A T-test was performed to evaluate the levels of satisfaction for both buildings. Table 27 
represents the overall satisfaction levels in the two buildings. 
 
Table 27: Overall satisfaction levels in the buildings based on a T-test 





building 25 3.88 0.600 0.120 
2.652 61 0.010 
Non-rated 
building 44 3.43 0.789 0.119 
 
The results show that the satisfaction levels in the two buildings are not statistically 
significant. Figure 62 represents the normal distribution of the occupants‘ overall 
satisfaction with the buildings.  
 
   
a) Green building b)  Non-rated building 





Figure 62 shows that the scale varies from 1 (very dissatisfied) and 2 (dissatisfied) to 4 
(satisfied) and 5 (very satisfied); overall, the occupants are more satisfied in the GB than 
in the existing one. 
 
To determine why occupants are more satisfied in the GB than in the existing one and the 
interconnectivity among several variables, a Chi-square test was performed. 
 
The results in the Table 53 (Appendix VI) show that thermal discomfort has a direct 
impact on the overall satisfaction in the GB. Similarly, the facts that occupants can 
maintain their levels of comfort in their workplace, level of satisfaction with the building 
operation, and know if the building is not a GB impact the overall satisfaction levels in 
the non-rated building. There is also a strong correlation between the thermal discomfort 
(R2 = 84%), visual discomfort (R2 = 87%), age (R2 = 75%), and gender (R2 = 88%) and 
the overall satisfaction with the non-rated building.  
 
There is no strong correlation between the thermal discomfort and visual discomfort in 
the GB (R2 = 1%). However, this correlation is very strong in the non-rated building (R2 = 
94%). Therefore, occupants who experience thermal discomfort most likely experience 
visual discomfort, which impacts the overall satisfaction with the building. 
 
It is also interesting to discuss the range of comfort temperatures perceived by the 
occupants of both buildings. Figure 63 and Figure 64 represent the temperature ranges 







Figure 63: Temperature range perceived as ideal in the green-rated building 
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Most occupants, that is, 60% and 56% of the occupants in the green and non-rated 
building, respectively, perceive temperatures ranging from 22°–23°C as comfort 
temperatures. It is also interesting to highlight that younger generations also prefer higher 
ranges of temperatures, females more than in males, while older generations prefer colder 
ranges, males more than in females. 
 
 Validity of the results 5.3.6
To validate the results of the surveys about the green and non-rated buildings, a statistical 
analysis was performed. Pearson‘s chi-square test was used for most of the data, while the 
T-test was used for specific variables. Logistic and linear regressions were performed to 
determine the relations among variables. Variables with statistically significant 
differences were detected; however only the most significant ones are discussed in this 
study. 
 
Surprisingly, the response rate is higher (+38%) in the non-green rated building (existing 
building) than in the GB. The responses of the occupants were genuine and based on their 
own personal perceptions of the two buildings. Despite the similarities of the building 
characteristics and chosen population, some responses may have been impacted by the 
main subject each building is linked to in terms of research. The GB is the Department of 
Psychology and Social Behaviour, while the non-rated building is the Department of 
Computer Sciences and Mathematics.  
 
The results of the surveys provide guidelines related to the differences in the OB when 





simulation software. This integration will improve the accuracy of the prediction of the 
energy use in a building. Therefore, these results provide variables that impact the OB in 
terms of odds ratios15. These ratios can be transformed into probabilities of the occurrence 
of different behaviours, as suggested by Barthelmes et al. (2018), Andersen et al. (2009) 
and studied by Feng et al. (2016). The behavioural patterns will be integrated in a future 
study. 
 
5.4 Chapter 5 summary  
This study shows that there is no significant relation between the green rating of a 
building and the way occupants behave in terms of the energy use. Most of the behaviours 
in the green and non-rated buildings are similar. Furthermore, the response rate of the 
surveys was higher in the non-rated building than in the GB. Occupants in the non-rated 
building expressed more concern with respect to providing feedback related to their 
perceptions of the energy use. 
 
In both buildings, the occupants do not directly interact with the air-conditioning system 
because the system is automatically controlled by a management control system. 
However, the occupants tend to face some sort of thermal discomfort in both buildings 
and thus use heaters or fans. The results show that women and the older generation are 
more tolerant than men and the younger generation. Furthermore, occupants feel 
discomfort when working closer to a window. In addition, occupants of the GB tend to 
                                               
 
15 Statistic term that measures the likelihood of occurrence of an event expressed as a proportion of the likelihood that 





interact with the air-conditioning system (if applicable) when they are closer to a supply 
vent. This last fact is irrelevant for the non-rated building. 
 
The occupants of the GB tend to open or close windows to maintain their levels of 
comfort, while the occupants of the non-rated building interact with the office door, 
especially when feeling cold. Men and older generations more frequently interact with 
windows than women and younger generations.  
 
The interaction with the lighting system is more relevant in the non-rated building than in 
the green one. In both buildings, the occupants switch off the lights during the daytime 
and when going home. The older generation tends to be more aware than the younger 
generation in terms of the lighting use. In the non-rated building, the occupants switch off 
artificial lighting according to their workplace location. This fact is not statistically 
relevant in the GB. The size of the workplace also affects the switching off and on of 
artificial lighting, which agrees with results of previous research indicating that the built 
environment impacts the way occupants behave (Rinaldi et al., 2018).  
 
More visual discomfort was reported in the non-rated building than in the GB, which is 
either due to the workplace location or the fact that occupants work closer to a window. 
To face this situation, the occupants of both buildings either switch off artificial lights or 
close windows blinds. 
 
All occupants in the GB are satisfied with the levels of lighting. The workplace 
characteristics have direct impact on the way occupants perceive satisfactory light levels. 





levels in the workplace. However, most of the occupants who are close to a window 
reported satisfactory levels of light in their workplace. Finally, the occupants of the non-
rated building open or close window blinds due to glare and not due to insufficient levels 
of light. This fact is irrelevant in the GB. 
 
To conclude, the occupants of the non-rated building are more proactive in switching off 
appliances than those in the GB. However, women in the GB turn off the computer at the 
end of the day more than men, while technical staff are more proactive than academic 
staff in turning off appliances. The results for the non-rated building are exactly the 
opposite.  
 
The overall levels of satisfaction with the two buildings slightly differ. Occupants in the 
GB are more satisfied than those in the non-rated building. This fact is due to the levels of 
thermal and visual discomfort perceived in the non-rated building, the dissatisfaction with 
the building operation, and that occupants know that they are working in a ‗green‘ 
building or not. It can be concluded that the rating impacts the overall perceived 
satisfaction of occupants and probably their tolerance, which agrees with previous 
research based on which the ‗green‘ rating impacts the tolerance of occupants (Leaman 
and Bordass, 2007). However, this study supports the hypothesis that it is impossible to 
conclude that the occupants of a ‗green‘-rated building are more energy-efficient than 






















CHAPTER 6. | EVALUATION OF ACTUAL 
OCCUPANT BEHAVIOUR 
In Chapter 6, the results of the quantification of the behaviours and actions related to the 
energy use based on the surveys described in Chapter 5 are presented. Building 
simulations were performed; the results obtained from the interactions of occupants with 
the building systems based on the surveys were used as input data for the simulations. 
 
6.1 Effects of the occupant behaviour on buildings 
Occupants are a key factor for the improvement of the energy performance in a building 
(Norford et al., 1994, Branco et al., 2004, Hong et al., 2017, Tam et al., 2018, Hong and 
Lin, 2013). Their complex interaction with building systems and features and the 
unpredictability of their actions and behaviours contribute to the main knowledge gap 
identified in the literature, that is, the discrepancy between the energy use that is predicted 
during the design stage of a building and the actual energy use measured during its 
operation (D‘Oca et al., 2018, Hong et al., 2015b, Hong et al., 2016a, Hong et al., 2016b, 
Yoshino et al., 2017). This discrepancy is due to the fact that the schedules used during 






From an energy perspective, occupants passively impact the energy use in a building due 
to their presence, movement, and type of activity but also by actively interacting with AC 
set-point temperatures, switching on and off lights and plug loads, and closing or opening 
blinds, windows, and/or doors (Yan et al., 2017). Consequently, these interactions may 
lead to an additional 50% impact on the overall energy performance of a building (Stazi et 
al., 2017, Khashe et al., 2015). In commercial and residential buildings, additional energy 
usages of 23% and 29% were observed, respectively, during the daily afterhours due to 
inadequate OBs. This is related to the lighting and equipment, which are kept on by 
occupants at the end of the day (Al-Mumin et al., 2003, Masoso and Grobler, 2010). 
Therefore, if the buildings consume ~40% of the total primary energy of a country and the 
energy demand in buildings is highly impacted by the OBs, the impact of the occupants 
on the energy use is extremely significant (IEA, 2016a, Janda, 2011). 
 
Consequently, it is crucial to understand what factors impact the OB. The implementation 
of sustainable building practices and new developments in technology and building 
sciences helped to decrease the impacts of buildings on the environment (Khashe et al., 
2015). Nevertheless, the OB is multifaceted and varies depending on the occupants‘ 
social–psychological contexts, backgrounds, diversity, motivation, and demography; 
therefore, these past advancements are not sufficient to address the complexity of the OB 
(Hong et al., 2016b). To properly address the OB, the impact of specific factors has been 
studied throughout the years. The IEA recognised the above-mentioned factors as driving 
forces impacting the OB and grouped them according to contextual and social factors, 
psychological and physiological factors, time-related actions, environmental parameters, 






The IEA created Annex 53 ‗Total Energy Use in Buildings‘ within the framework of the 
‗Program in Energy in Buildings and Communities‘. This annex incorporates computer 
modelling and simulations and architectural engineering as well as building, social, and 
behavioural sciences and studies how the OB impacts the overall energy use in buildings 
to create solid predictions of the total energy use (Yoshino et al., 2017).  
 
In the same year, Annex 66 ‗Definition and Simulation of the Occupant Behaviour in 
Buildings‘ was created to determine the OB and reduce the gap between the predicted and 
operational energy use (Yan et al., 2017). This promoted the development of innovative 
behavioural software models that can be incorporated in existing software tools for the 
accurate prediction of the energy use (IEA, 2016b, Polinder et al., 2013, Yan et al., 2017). 
Therefore, tools, such as obXML, obFMU, and the Occupancy Simulator, have been 
developed by researchers following the previous guidelines of the two annexes (D‘Oca et 
al., 2018).  
 
To address issues, such as non-adaptive and adaptive OB ignored or oversimplified 
during the operation of a building, disagreement on the validity and applicability of 
simulation methods and OB models, and unclear human-centred interdisciplinary 
solutions, from the building level to the community scale, Hong et al. (2017) proposed ten 
questions concerning the OB with the intent to address the aforementioned issues. One of 
Hong‘s conclusions was that the OB during the operation has been ignored or extremely 
simplified. To obtain low or zero energy buildings, the OB must be incorporated in the 
design, operation, and retrofit stages to close the main knowledge gap identified in past 
research. This gap is associated with the difference between the predicted and actual 





using surveys to report social–psychological and physical factors, which can be used as 
guidelines for strategies related to the evaluation of the energy efficiency by future 
researchers and policymakers. Additionally, data generated in surveys may be used as 
input variables of the OBs in simulations (Barthelmes et al., 2018, Andersen et al., 2009, 
Feng et al., 2016).  
 
 Surveys 6.1.1
Based on surveys, researchers have collected and evaluated occupant opinions and 
perceptions related to the wellbeing, thermal comfort, light, IAQ, and noise levels 
(Bluyssen et al., 1996). Thermal comfort and adaptive control indicate the level of 
comfort that occupants have inside buildings. Hence, adaptive thermal comfort refers to 
the natural characteristic of occupants to adapt to changes to their own environment, 
highlighting the fact that occupants can tolerate those changes whenever they have control 
of air-conditioning thermostats, lighting, shading, and windows/doors. Evaluating the 
occupant‘s satisfaction in a building may prevent the extra use of energy (Nicol and 
Humphreys, 2002).  
 
Occupants inside buildings perform activities and must feel comfortable to do this 
efficiently. Parameters, such as the air speed, relative humidity, clothing insulation, 
radiant temperature, air temperature, and metabolic rates impact the comfort of the 
occupants inside a building (ASHRAE, 2013). The level of comfort is expressed in terms 
of the satisfaction and can be evaluated through the PMV and PPD indexes used by 
ASHRAE and EN ISO 10551 (Fanger, 1970, Fabbri, 2013, EN_ISO_10551, 1995, 





The occupant activities inside buildings include their interaction with systems and 
features in buildings. Energy is wasted due the misuse of energy. Therefore, it is crucial to 
provide information related to the rational use of energy in buildings; surveys may be a 
useful tool to evaluate behavioural patterns regarding the energy use (Nisiforou et al., 
2012, Ek and Söderholm, 2010, Crosbie and Baker, 2010). Nevertheless, the tolerance of 
occupants of buildings is related to the fact that they have control over the building 
systems and features and to the ‗green‘ rating (Nicol and Humphreys, 2002, Leaman and 
Bordass, 2007). Occupants in a GB are more energy-efficient, proactive, and prefer 
natural instead of artificial light (Khashe et al., 2015).  
 
 Dynamic simulation 6.1.2
The energy use during the design stage of a building and all processes related to the 
energy use and its optimisation can be predicted using dynamic BEPS (Barthelmes et al., 
2018). Due to the complexity of a dynamic simulation process, the results may contain 
significant errors if the simulation process is not understood or done improperly. 
Therefore, there is a need for reliable models that can accurately simulate the OB and 
actions as well as a standard framework that may allow the integration of building 
simulation programs (Yan et al., 2015). The quality of the monitoring system and 
collected data is extremely relevant for the reliability of the behavioural occupancy model 
(Hong et al., 2016b). Moreover, to analyse the effects of OBs and actions related to the 
use of energy in similar or identical buildings, it is crucial to understand the OBs and their 
interactions with the climate, building envelope, energy systems, IEQ, and building 
operation and maintenance. This allows the identification of energy-saving opportunities 





Finally, the features of GBs may stimulate the occupants‘ comfort, satisfaction, wellbeing, 
and productivity. Nevertheless, to evaluate the OB in a GB, it is crucial to integrate 
energy systems and occupants. Furthermore, green office buildings can use additional 
levels of energy compared with conventional office buildings with the same function and 
size (Khashe et al., 2015). As mentioned previously, the adaptive approach expresses that: 
‗if a change occurs and produces discomfort, the occupants react in ways which tend to 
restore comfort‘ (Nicol and Humphreys, 2002). Consequently, the occupants tend to be 




Climate is one of the factors impacting the energy use in buildings. The first studies 
regarding the occupants‘ thermal comfort and preferences using scale-based votes were 
performed in early 1974; the outside temperature strongly correlated with the way 
occupants‘ perceived comfort (Nicol, 1974). The overall energy performance of a 
building is directly related to the way external temperatures impact heating and cooling 
loads (Sun and Hong, 2017a).  
 
The indoor comfort temperature is directly related to the seasonability, adjustment of 
occupants‘ clothing to weather, and their metabolic rates. Therefore, standards, such as 
ASHRAE 55 and Green Star in Australia or the European Performance Certification of 
Buildings, define different setpoints for indoor temperatures, summer, and winter (Nicol 
and Humphreys, 2002). Furthermore, it has been reported that the occupant actions are 





2014). Based on past research, studies related to the impacts of climate on the OB as well 
as additional types of buildings and technologies are needed (Sun and Hong, 2017b, Sun 
and Hong, 2017a, Yan et al., 2015).  
 
In this chapter, the actual impact of the OB on the overall energy performance of non-
rated and green buildings in Sydney Australia is investigated. The study incorporates the 
results from the surveys discussed in the previous chapter. Additionally, it is investigated 
how the two buildings with the same type of OB would behave in cities with other types 
of climate zones such as Darwin, Brisbane, Melbourne, Alice Springs, Canberra, and 
Kalgoorlie Boulder.  
 
6.2 Research Methodologies 
The impact of the OB on the overall energy performance was analysed using the two 
buildings referred to in the previous chapters: a non-rated (existing) building built in 1989 
and a GB that was certified in 2016 according to the Green Star Australian certification 












Table 28: Building characteristics 
 Green-rated building Non-rated building 
Total floor area (m2) 5696 5242 
Conditioned area (m2) 5181 4667 
Unconditioned area (m2) 515 576 
Annual energy intensity (kWh/m2) 187.22 190.45 
Average occupancy intensity (occ/m2)* 0.16 0.11 
Average plug load intensity (W/m2) 16.04 23.15 
Average light intensity (W/m2) 6.07 10.85 
Main activities Computer-/classrooms, laboratories, offices, and corridors 
Primary energy for cooling and DHW Electricity 
Primary energy for heating Natural gas 
* Per conditioned area 
 
The results from the surveys presented in Chapter 5, which were performed to obtain the 
opinions of occupants related to their interactions with the energy use and systems in the 
buildings such as lighting, HVAC, and shading, were used as input variables in the 
simulations. The aim was to determine the actual energy use allocated to the OB in the 
green and non-rated buildings. Therefore, this study is aligned with past research based on 
which the use of survey data was suggested as input data for the OBs in simulation 
programs (Barthelmes et al., 2018, Andersen et al., 2009, Feng et al., 2016).  
 
Finally, a comparison of the OB in several different types of climate was performed to 
determine if there is a correlation between the climate and the occupants‘ energy use. 
































 Input variables 6.2.1
The survey data presented in Chapter 5 were used as inputs in the building simulation 
models. 
 
 Validation and calibration 6.2.2
Before inputting the actual OB based on the surveys, the models for the non-rated and 
GBs were calibrated and validated using the actual annual energy consumptions. The 
models were calibrated according to the methodology presented in Chapter 3 and can be 
used as a reliable representation of the reality.  
 
This allowed the quantification and allocation of all behaviours related to the use of 
energy based on the surveys described in Chapter 5. 
 
 Energy-related occupant behaviours 6.2.3
The aim of the surveys was to determine the occupants‘ adaptive control behaviours with 
respect to the lighting and HVAC systems and the use of plug loads, shading, and 
windows and/or doors. This research aims to quantify the impacts of the previous 
behaviours on the overall energy use of the buildings. Moreover, the surveys do not only 
address the adaptive behaviour but also the comfort and levels of satisfaction. One of the 
results of the surveys was that the occupant satisfaction correlates with not having control 
over some of the systems, mainly the AC in the non-rated building, which agrees with 






Therefore, the results from the surveys were transformed into probabilities and used as 
input variables for the simulation. This allowed the identification of the actual energy use 
based on the occupants‘ actions and behaviours.  
 
Table 29 represents the probabilities of the occurrence of a specific action in the existing 
(non-rated) and GB. 
 








Reduction due to glare and visual discomfort 0.50 0.38 
Switch off lights at the end of the day 0.50 0.61 
Switch off lights during daytime 0.30 0.43 
Plug 
loads 
Switch off plug loads Offices at end of the day 0.58 0.78 
Switch off plug loads Labs at end of the day16 0.38 0.49 
Switch off plug loads Corridors at end of the day 0.53 0.74 
Switch off plug loads General at end of the day 0.53 0.74 
Switch off plug loads Offices during daytime 0.38 0.48 
Switch off plug loads Labs during daytime1 0.20 0.36 
Windows Open/close windows during daytime when hot/cold 0.51 0.36 
Shading17 Close shading due to glare 0.31 0.31 
HVAC18 
Adjust thermostat when cold 0.11 0.18 
Adjust thermostat when hot 0.09 0.23 
                                               
 
16 Includes classrooms 
17 According to the previous study related to the survey, occupants only activated the shading system due to glare in 68% 
of the rooms with shading in the non-rated building and 61% of the rooms with shading in the green building. 
18 The percentage of occupants interacting with the AC system is low because this system is mainly managed by the 













 , (10) 
 
where P(A) represents the probability of the occupants performing a specific action, 
P(A/Ei) is the probability of the occupants‘ interaction during event i due to the action A, 
and P(Ei) refers to the probability of the occurrence of the event i (Mitzenmacher and 
Upfal, 2005).  
 
 Climate evaluation 6.2.4
One of the main advantages in Australia is the variety of climate zones of the country, 
which can serve as references for other researchers in the world. The climate zones 
represented in Figure 66 vary from cool temperate climate to climate characterised by 
high-humidity summers and warm winters. According to the BCA and Bureau of 
Meteorology (BOM), there are eight different climate zones (ABCB, 2016b, ABCB, 
2016a): 
- Zone 1 – High-humidity summer and warm winter; 
- Zone 2 – Warm humid summer and mild winter; 
- Zone 3 – Hot dry summer and warm winter; 
- Zone 4 – Hot dry summer and cool winter; 
- Zone 5 – Warm temperate; 





- Zone 7 – Cool temperate; 
- Zone 8 – Alpine. 
 
 
Figure 66: Official climate zones in Australia (ABCB, 2016b) 
 
After evaluating the actual impact occupants have on the overall energy performance in 
the buildings in Sydney Australia, a comparison with other locations in Australia was 
performed. The purpose of this study was to evaluate if the climate has an impact on the 





characteristics and the availability of official and credible weather files for the use in 
dynamic simulations. Table 30 shows the cities used in this study. 
 
Table 30: Studied cities and climates 
Climate 
Zone Non-rated building Cities HDD18
19 CDD2415 Elevation (m) 
1 High-humidity summer and warm winter Darwin, NT 0 1314 35 
2 Warm humid summer and mild winter Brisbane, QLD 347 216 10 
3 Hot dry summer and warm winter 
Alice Springs, NT 665 917 547 
4 Hot dry summer and cool winter Kalgoorlie-Boulder, WA 934 441 370 
5 Warm temperate Sydney, NSW 1014 121 12 
6 Mild temperate Melbourne, VIC 1309 107 32 
7 Cool temperate Canberra, ACT 2113 103 580 
8 Alpine Mount Hotham, NSW 3235 21 1368 
 
For the energy use associated with the OB to be comparable with that in different cities 
and climates, the variables related to the building characteristics, systems, occupancy, 
internal loads, behaviours, and actions were locked.  
 
 Statistical methods 6.2.5
The statistical data were treated with the IBM software SPSS Statistics Version 25 (IBM, 
2018). The main control system assumed in this chapter was the energy used by the 
occupants based on their interaction with plug loads, cooling, heating, lighting, 
                                               
 





windows/doors, and solar shading. To evaluate the behaviour of the occupants in terms of 
the energy use, the variables were separately analysed using linear regression analysis.  
 
Furthermore, the t-student method was used to evaluate the main differences among 
independent groups of variables. A significance level of 5% was assumed for the tested 
variables based on a likelihood ratio test (Pallant, 2003). 
 
6.3 Results 
The actual results for the two buildings were obtained after the models were calibrated 
using real monitored data. The plug loads reflect the highest-intensity energy use, 
followed by cooling, accounting for 48% and 32% of the total end use in the GB, 
respectively. However, the opposite was observed in the non-rated building (Figure 41), 
where cooling represents 38% of the total energy use, followed by plug loads accounting 
for 34%.  
 
Based on a more detailed analysis of Figure 41, lighting is the third most impacting 
energy use in the buildings (GB = 9%, EB = 13%), followed by heating (GB = 8%, EB = 
9%). The heating loads of the green and non-rated buildings are similar. However, this 
does not apply to lighting. It can be assumed that the lighting system in the GB is more 









Figure 67 represents the actual distribution of the energy per end use in the buildings.  
 
    
Green-rated building  Non-rated building 
Figure 67: Energy distribution per end use based on the occupant behaviour 
 
The main differences identifiable in Figure 67 are related to the plug loads. Plug loads 
have a higher-intensity power in the non-rated building (23.15 W/m2) compared with the 
green one (16.04 W/m2). Therefore, it can be expected that the percentage of plug loads as 
an end use is higher in the GB.  
 
Considering that these buildings are university buildings with similar schedules, it can be 
assumed that the cooling, heating, and lighting systems installed in the GB are more 
efficient than those installed in the non-rated building. Table 31 represents the results of 
the actual dynamic simulations. 
 
Because the results presented in Table 31 correspond to the actual energy uses in the 
buildings, the actions and behaviours of occupants based on the surveys are included in 
these results. However, to quantify the actual impact occupants have on the overall energy 





Table 31: Total results 

















Heating 16 9 132 
-- 
Cooling 73 69 410 
Interior Lighting 26 24 145 
Exterior Lighting 7 7 41 
Plug loads 64 61 362 
Water Systems 4 4 23 












Heating 15 9 116 -6% 
Cooling 60 57 336 -18% 
Interior Lighting 17 16 94 -35% 
Exterior Lighting 1 1 7 -86% 
Plug loads 90 86 507 +41% 
Water Systems 5 5 27 +25% 
Totals 187 172 1087 -2% 
* National greenhouse accounts factor (Department_of_the_Environment_and_Energy, 2018) 
 
 
 Actual occupant behaviour 6.3.1
For additional simulations, the behaviours and actions of the occupants were used as input 
variables, as mentioned in Section 6.2.3. The new results reflect reductions in each main 
end uses; however, these reductions are not actual energy reductions. Instead, they reflect 
the quantified impacts of the OBs and actions on the buildings. Therefore, the actions can 
be associated to the results of the actual simulation. The results based on the incorporation 
of the OB from the surveys described in the previous chapter are presented in Table 32 
























Heating 85417 47 6903
Cooling 381479 362 21477
Interior Lighting 134719 128 7585
Exterior Lighting 38325 36 2158
Plug loads 337415 321 18996
Water Systems 21070 20 1186
Heating 105446.68 57.94 8552.49
Cooling 343769.00 326.58 19354.19
Interior Lighting 46455.84 44.13 2615.46
Exterior Lighting 38325 36.41 2157.70
Plug loads 337414.99 320.54 18996.46
Water Systems 21070.07 20.02 1186.24
Heating 118500.44 66.50 9525.77
Cooling 315896.42 300.10 17784.97
Interior Lighting 134719.3 127.98 7584.70
Exterior Lighting 38325 36.41 2157.70
Plug loads 174290.38 165.58 9812.55
Water Systems 21070.07 20.02 1186.24
Heating 85800.40 42.84 7226.15
Cooling 370437.87 351.92 20855.65
Interior Lighting 134719.3 127.98 7584.70
Exterior Lighting 38325 36.41 2157.70
Plug loads 337414.99 320.54 18996.46
Water Systems 21070.07 20.02 1186.24
Heating 87974.46 48.93 7099.17
Cooling 378170.02 359.26 21290.97
Interior Lighting 133162.9 126.50 7497.07
Exterior Lighting 38325 36.41 2157.70
Plug loads 337414.99 320.54 18996.46
Water Systems 21070.07 20.02 1186.24
Heating 86846.26 48.12 7019.25
Cooling 384733.32 365.50 21660.49
Interior Lighting 134719.3 127.98 7584.70
Exterior Lighting 38325 36.41 2157.70
Plug loads 337414.99 320.54 18996.46
Water Systems 21070.07 20.02 1186.24
Heating 154836.26 84.63 12586.16
Cooling 312292.07 296.68 17582.04
Interior Lighting 45503.02 43.23 2561.82
Exterior Lighting 38325 36.41 2157.70
Plug loads 180941.68 171.89 10187.02
Water Systems 21070.07 20.02 1186.24
GHG Electricity 0.95 kgCO2-eq/kWh GHG Natural Gas 0.23 kgCO2-eq/kWh






Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Actual simulation calibrated
998425 915 58305






















Simulation 6 - Windows
1003109 919 58605





























Heating 83758.36 49.03 6607.50
Cooling 340040.88 323.04 19144.30
Interior Lighting 94795.13 90.06 5336.97
Exterior Lighting 7283.21 6.92 410.04
Plug loads 513053.89 487.40 28884.93
Water Systems 27393.13 26.02 1542.23
Heating 93404.99 54.33 7389.83
Cooling 324999.88 308.75 18297.49
Interior Lighting 53648.21 50.97 3020.39
Exterior Lighting 7283.21 6.92 410.04
Plug loads 513053.89 487.40 28884.93
Water Systems 27393.13 26.02 1542.23
Heating 99624.91 57.38 7917.31
Cooling 308098.33 292.69 17345.94
Interior Lighting 94795.13 90.06 5336.97
Exterior Lighting 7283.21 6.92 410.04
Plug loads 392557.33 372.93 22100.98
Water Systems 27393.13 26.02 1542.23
Heating 73517.78 44.57 5704.21
Cooling 303992.27 288.79 17114.76
Interior Lighting 94795.13 90.06 5336.97
Exterior Lighting 7283.21 6.92 410.04
Plug loads 513053.89 487.40 28884.93
Water Systems 27393.13 26.02 1542.23
Heating 83794.89 49.08 6608.51
Cooling 341477.42 324.40 19225.18
Interior Lighting 95574.61 90.80 5380.85
Exterior Lighting 7283.21 6.92 410.04
Plug loads 513053.89 487.40 28884.93
Water Systems 27393.13 26.02 1542.23
Heating 85980.29 50.28 6785.96
Cooling 341944.70 324.85 19251.49
Interior Lighting 94795.13 90.06 5336.97
Exterior Lighting 7283.21 6.92 410.04
Plug loads 513053.89 487.40 28884.93
Water Systems 27393.13 26.02 1542.23
Heating 106827.98 62.63 8421.47
Cooling 257156.30 244.30 14477.90
Interior Lighting 53966.64 51.27 3038.32
Exterior Lighting 7283.21 6.92 410.04
Plug loads 413833.58 393.14 23298.83
Water Systems 27393.13 26.02 1542.23
GHG Electricity 0.95 kgCO2-eq/kWh GHG Natural Gas 0.23 kgCO2-eq/kWh









Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction
Simulation 1 - Actual simulation calibrated
1066325 982 61926




















Simulation 6 - Windows
1070450 986 62212






In the following section, the results based on the isolated effects of OBs and actions in the 
green and non-rated (existing) building are represented.  
 
6.3.1.1 Lighting 
Based on the results of the surveys, the probability of occupants reducing the light 
intensity in their workplaces because of glare and visual discomfort is 50% in the GB and 
38% in the non-rated one. These results point out that the occupants in the GB care less 
than the occupants in the non-rated building.  
 
The probability of occupants switching off lights at the end of the day and during the 
daytime is 50% and 30% in the GBs, respectively, while it is 61% and 43% in the non-
rated building, respectively. The occupants of the non-rated building are more proactive 
with respect to the lighting system and experience less visual discomfort compared with 
the occupants of the GB. 
 
Therefore, to estimate the isolated impact of the occupant behaviour, an additional 
simulation was performed using the above-mentioned probabilities based on the 
interaction with the lighting system as input variables. Figure 68 represents the impacts of 







Figure 68: Impact of the occupants interacting with the lighting system 
 
The interaction of occupants with light reduces the cooling function by 10% and 4% in 
the non-rated and GBs, respectively. The heating function increases by 23% and 12% in 
the non-rated and green buildings, respectively.  
 
To evaluate if the results for the two buildings based on the occupant‘s interactions with 
the lighting systems are statistically significant, a T-test was performed. According to 
Levene‘s test, two tests are statistically significant if they comply with t(10) < 2.228 and p 
< 0.05 within a confidence interval of 95% (R_Core_team, 2012). The t-distribution table 
used for this statistical test is presented in Appendix III. 
 
The results of the two T-tests show that the results are not statistically significant [t(10) = 
-0.528; p = 0.611]. However, Figure 68 shows that the impact of the OB on the energy 





6.3.1.2 Plug loads 
Plug loads account for most of the energy use in the GB and the second most energy in 
the non-rated buildings. Therefore, the quantification of the actual impact of occupants on 
the energy use when interacting with plug loads is extremely relevant. The probability of 
occupants switching off plug loads in offices at the end of the day and during the daytime 
is 58% and 38% in the GBs, respectively, while it is is 78% and 48% in the non-rated 
building, respectively. Similarly, occupants show identical behaviours and actions in the 
laboratories and classrooms, switching off plug loads at the end of the day (GB = 38%, 
EB = 49%) and during the daytime when not in use (GB = 20%, EB = 36%). Finally, 
occupants only interact with plug loads in common and general areas at the end of the 
day, with the same occurrence probability (GB = 53%, EB = 74%).  
 
Similar to the interactions of the occupants with light, the isolated impact related to the 
behaviours and actions with plug loads was evaluated using an additional (Figure 69).  
 
 






Figure 69 shows that, similar to light, the occupants reduce the cooling function by 17% 
and 9% in the non-rated and GBs, respectively. The heating function increases by 39% 
and 19% in the non-rated and green buildings, respectively.  
 
The statistical significance was studied using a T-test in line with the previous light 
calculations. The results indicate no significant statistical difference [t(10) = -0.169; p = 
0.871]. Nevertheless, Figure 69 shows that the impact of the OB on the energy use based 
on the interactions with plug loads is less significant in the GB than in the non-rated one. 
 
6.3.1.3 Air conditioning system 
The AC systems in the green and non-rated buildings are controlled by the management 
system in most of the rooms. Therefore, the percentage of occupants who can adjust the 
temperature is lower compared with the previous end use types. Nevertheless, the 
probability of occupants adjusting the thermostat is on average 10% in the non-rated 
building and 20% in the GB. Figure 70 shows the impact of the OB on the HVAC system. 
 
 






The results of the statistical analysis of the actions and behaviours of occupants related to 
their interaction with the HVAC system show a significant statistical difference [t(10) = 
23.412; p = 0.001], as shown in Figure 70. The OB impacts the GB more compared with 
the non-rated one. In the non-rated building, it is possible to verify an almost 
imperceptible increase in the heating function, while the cooling function decreases but 
not at the same rate as in the GB.  
 
6.3.1.4 Windows and shading 
Occupants open or close windows during the daytime when they are hot or cold (GB = 
51%, EB = 36%). However, the shading system is only closed when the occupants are 
facing visual discomfort due to glare, with a 31% probability of occurrence in the two 
buildings. Figure 71 represent the actual OB when interacting with windows and shading. 
 
 
Figure 71: Impact of behaviours of occupants on the energy use when interacting with 






A statistical difference was observed when analysing the occupants‘ interactions with the 
shading [t(10) = 5.098; p = 0.048]. However, a significant statistical difference was not 
observed when analysing the interactions of the occupants with the windows [t(10) = 
0.000; p = 1.000]. Figure 71 shows the differences due to the OB. The occupants have a 
larger impact in the non-rated building than in the green one when interacting with 
shadings; they have a similar impact when interacting with the windows. Nevertheless, 
the percentages of the reduction are insignificant compared with the other end uses. 
 
6.3.1.5 Overall impact on the energy use and combined impacts 
The combined effects of the actual OB and actions are represented in Figure 72 and 
Figure 73. Figure 72 represents the impacts on the overall energy performance for all 
individual impacts as well as the combined ones. Figure 73 shows the combined impacts. 
 
 







Figure 73: Combined impact of the actual occupant behaviours and actions 
 
A statistically significant difference is not observed when combining the effects of all 
previous impacts [t(10) = 0.069; p = 0.947]. Figure 73 shows that the effects of the OB 
are more significant in the non-rated buildings than in the green one. This is because a GB 
is already an optimised version of a building. 
 
As a result, the energy use based on the actual OBs and actions reported in the survey can 
now be added to Table 31. Table 34 represents the actual energy use related to the 











Table 34: Total results accounting for the occupant behaviour 






















Heating 16/13/81% 9/7 132/108 
-- 
Cooling 73/13/18% 69/12 410/74 
Interior Lighting 26/17/66% 24/16 145/96 
Exterior Lighting 7/n.a.* 7/n.a.* 41/n.a.* 
Plug loads 64/30/46% 61/28 362/168 
Water Systems 4/n.a.* 4/n.a.* 23/n.a.* 












Heating 15/4/28% 9/2 116/32 -6%/-68% 
Cooling 60/15/24% 57/14 336/82 -18%/11% 
Interior Lighting 17/7/43% 16/7 94/41 -35%/-57% 
Exterior Lighting 1/n.a.* 1/n.a.* 7/n.a.* -86%/n.a.* 
Plug loads 90/17/19% 86/16 507/96 +41%/-42% 
Water Systems 5/n.a.* 5/n.a.* 27/n.a.* +25%/n.a.* 
Totals 187/35/19% 172/32 1087/204 -2%/-25% 
* n.a. refers to data that were either not collected in the surveys or are not related to the OB 
 
Based on the analysis of Table 41, it can be concluded that 25% of the overall energy use 
(190 kWh/m2 pa) in the non-rated building is due to the OB (47 kWh/m2 pa), while 19% 
(35 kWh/m2 pa) of the total energy (187 kWh/m2 pa) is due to the behaviours and actions 
of occupants in the GB.  
 
Heating (81%), lighting (66%), and plug loads (46%) are the end uses that are affected by 
occupants in the non-rated building, while the lighting (43%), heating (28%), and cooling 
(24%) are affected in the GB. Based on the comparison of the actual impacts of the OB 





of 68% on the heating function, 57% on light, and 42% on plug loads and 11% less 
impact on the cooling function.  
 
Compared with the behaviours of occupants obtained in a previous study by the same 
authors in which occupants were categorised as saving, intensive, and actual energy users, 
Figure 74 represents the variation in the energy use based on the OBs of the intensive, 
saving, and real users described in Chapter 4 in the present report. The graphic shows that 
the actual behaviour is closer to an intensive user than to a saving user. The fact that 
occupants do not interact with the HVAC system may have an impact on the curve 
representing the actual occupants. 
 
 






 Impact of the climate on the occupant behaviour 6.3.2
It is known that the climate is one of the variables impacting the energy use (Nicol and 
Humphreys, 2002). The performance of a building is directly related to the external 
temperatures, which impact the heating and cooling needs of a building. The OB is also a 
relevant variable impacting the energy performance of a building (de Wilde, 2014). 
Therefore, if these two variables affect the overall energy in a building, a new question 
emerges: how does the OB affect the energy use in different climates? Past research 
showed that there is a lack in literature related to the different types of typologies and 
climates associated with studies of the energy-related OB (Yan et al., 2015).  
 
Other researchers studied the effects of the OBs for different types of climates using an 
office model. However, their conclusions showed that the occupant actions have a 
significant impact on buildings in warmer climates and the OB remains relatively constant 
(Bonte et al., 2014). 
 
6.3.2.1 Climate 
Eight Australian cities with different types of climate, according to the BCA and 
presented in Section 6.2.4, were studied in the present research. Figure 75 and Figure 76 
represent the climates for Darwin, Alice Springs, Brisbane, Kalgoorlie-boulder, Sydney, 








Figure 75: Average cooling degree days at 23oC vs studied city 
 
Figure 75 shows that Darwin has, on average, a constant high demand for cooling 
throughout the year, in contrast to Mount Hotham, where the cooling demands are the 
lowest. All other climates have higher cooling demands during summer, in contrast to the 
winter season in which these demands are less significant.  
 
It is interesting to highlight that the cooling needs in Melbourne and Canberra, which 
have cooler types of climate (mild and cool temperate or oceanic according to the 
Köppen–Geiger climate classification (Beck et al., 2018)) between mid-October and the 
end of December are higher than those in Sydney (warm temperate or humid subtropical 







Figure 76: Average heating degree days at 18oC vs studied city 
  
Figure 76 is possibly complementary to Figure 75. The figure shows that Darwin has no 
heating demands, while Mount Hotham is the city with the highest heating demand. 
Canberra and Melbourne have heating demands during the whole year and most of the 
other cities only require heating from March to October. Furthermore, Alice Springs and 
Kalgoorlie-Boulder with warmer types of climate than Sydney (hot dry summer with 
warm winter and cool winter, respectively, or hot desert and hot and semi-arid, according 
to the Köppen–Geiger climate classification (Beck et al., 2018)) and Brisbane, have extra 
heating needs just in the beginning of June. Additional results from the climate study are 
presented in Appendix VII. 
 
6.3.2.2 Occupant behaviour vs. climate 
Two dynamic simulations were performed per climate type for each building to isolate the 





vectors and activity types. This study intends to determine the impacts of the same type of 
OB on the energy use in different climates. Table 35 and Table 36 represent the results 
from the simulations for climate zone 5. Figure 77 and Figure 78 show the main end uses 
for climate zone 5. The results of the simulations for all other climate zones are presented 
in Appendix VII. 
 



















Heating 85416.94 47.34 6902.79
Cooling 381478.99 362.41 21477.27
Interior Lighting 134719.3 127.98 7584.70
Exterior Lighting 38325 36.41 2157.70
Plug loads 337414.99 320.54 18996.46
Water Systems 21070.07 20.02 1186.24
Heating 154836.26 84.63 12586.16
Cooling 312292.07 296.68 17582.04
Interior Lighting 45503.02 43.23 2561.82
Exterior Lighting 38325 36.41 2157.70
Plug loads 180941.68 171.89 10187.02
Water Systems 21070.07 20.02 1186.24
GHG Electricity 0.74 kgCO2-eq/kWh GHG Natural Gas 0.22 kgCO2-eq/kWh




Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Sydney
998425 915 58305
Conversion factors










Figure 78: Distribution of the energy per end use in WSU building EHa for Sydney 
 
Figure 79 shows the results for the use of energy, GHG emissions, and energy-related 
















Heating 83758 49 6607
Cooling 340041 323 19144
Interior Lighting 94795 90 5337
Exterior Lighting 7283 7 410
Plug loads 513054 487 28885
Water Systems 27393 26 1542
Heating 106828 63 8421
Cooling 257156 244 14478
Interior Lighting 53967 51 3038
Exterior Lighting 7283 7 410
Plug loads 413834 393 23299
Water Systems 27393 26 1542
GHG Electricity 0.74 kgCO2-eq/kWh GHG Natural Gas 0.22 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction







Figure 79: Energy-related occupant behaviour vs. climate for the non-rated building 
 
Figure 79 shows that the energy related to the OB in the non-rated building is impacted by 
the climate zone (correlation of 93%).  
 
Figure 81 shows that there is a correlation of 83% and 71% between the energy use due to 
the OB and climate in summer and winter, respectively. As expected, the energy use due 
to the OB is higher in warmer climates than in cooler climates. This is due to the increase 
in the cooling function in warmer climates. However, there is no correlation with respect 
to the percentage that represents the impacts of the OBs and actions on the overall energy 
use of the building. Therefore, the occupant behaviours and actions are not affected by the 
climate. Overall, the results show that the effect of the OB on the overall energy use in a 
building in a cooler climate is lower than in a warmer climate. However, this correlation 








-19% Y = 0.006  X - 0.251 
R² = 0.29 
Y = -3.47  X + 61.28 










































Figure 80: Energy-related occupant behaviour vs. climate for the green-rated building 
 
Figure 80 shows that there is no significant correlation between the energy-related 
occupant behaviours and climate zones (24%).  
 
Figure 81 verifies that there is no significant correlation between the energy use due to the 
OB and climate, neither in summer (27%) nor in winter (19%). As expected, the energy 
use due to the OB in warmer climates is higher than in cooler climates. However, based 
on the detailed analysis of Figure 80, such a correlation cannot be observed for the GB. 
Furthermore, there is no correlation between the climate and the percentage that 
represents the impacts of the OBs and actions on the overall energy use. Similar to the 
non-rated building, the occupant behaviours and actions are not affected by the climate. 
Finally, it cannot be concluded that the behaviour of occupants in the GB has a higher 
impact in cooler climates than in warmer climates because there is no significant 







-14% Y = 0.004  X - 0.197 
R² = 0.22 
Y = -1.05  X + 40.21 











































   
Figure 81: Energy-related occupant behaviour vs. climate 
 
A t-test was performed to evaluate if there is a significant difference between the two 
buildings when comparing the energy used by occupants within different types of climate. 
To be statistically significant, t(14) < 2.145 and p < 0.05 must be met at a 95% confidence 
interval (R_Core_team, 2012). The results of the T-test show that there is a significant 
statistical difference in the results for the two buildings [t(14) = 2.8; p = 0.02]. This test 
indicates that the relation between the energy use due to the OB and climate is different in 
the two buildings.  
 
In conclusion, there is a correlation between the climate and energy-related OBs and 
actions in the non-rated building. However, this correlation cannot be verified the GB. 
Moreover, the climate does not impact the behaviours and action of occupants, in both 
buildings. The occupant behaviours and actions are affected by other parameters. Finally, 
this research shows that the variable ‗Occupant behaviour and actions‘ has no significant 
impact on the overall energy use of a building if the systems in a building are controlled 
by the management system. This can be confirmed based on the linear relation between 
the climate and the energy-related OB in the non-rated building and the fact that there is 





6.4 Chapter 6 summary 
 Actual energy use based on the occupant behaviour 6.4.1
The impact of the actual OB has been discussed above, reflecting the results of the actions 
and behaviours of occupants based on the surveys discussed in Chapter 5 related to the 
operation of lights, AC, shading devices, plug loads, and windows. The results show that 
the heating, lighting, and plug loads are the end uses affected by the occupant behaviours 
in the non-rated building, while the occupants affect the lighting, heating, and cooling in 
the GB. 
 
The analysis of the isolated impacts of occupants on the lighting system and plug loads in 
this study indicates a similar type of variation in the two buildings. However, the 
occupant actions in the non-rated building are two times more significant than in the GB. 
In terms of the interactions of the occupants with the HVAC control systems, the results 
show an additional reduction of 12% and 4% in the heating and cooling functions, 
respectively, when comparing the GB to the non-rated one. However, the global reduction 
percentage is below 12%.  
 
The results from the individual impacts also show that the interactions of the occupants 
with the shading system (blinds) and windows have a lower impact on the overall energy 
use. The interactions with shading are different in both buildings, while the behavioural 
pattern in terms of the interaction with window in the two buildings are similar. 
Regardless of the irrelevant reductions in these two systems, the results show that the 
interactions of occupants with shading increase three times more in the non-rated building 





increases in the green one, within a range of 2%. Furthermore, the interaction of the 
occupants with the shading system reduces the light use in the non-rated building. Finally, 
when the occupants open or close windows, the cooling function increases within similar 
ranges in the two buildings, while the heating increases, with more significance in the GB.  
 
The results of the analysis of the combined impacts of all actual behaviours show that the 
occupants in the non-rated building decrease the energy use associated with plug loads 
and lighting 59% and 35% more than the GB, respectively. However, the occupants of the 
GB reduce the use of cooling by ~26% and increase heating by less than 34% compared 
with the non-rated building.  
 
The annual energy, GHG emission, and cost indicators for the non-rated building affected 
by the OB are 47 kWh/m2, 43 kgCO2-eq/m2, and 273 AUD, respectively. Similarly, the 
annual energy, GHG emission, and cost indicators for the GB affected by the occupant are 
35 kWh/m2, 32 kgCO2-eq/m2, and 204 AUD, respectively. Therefore, the results show that 
the impact of the OBs and actions on the overall energy use is 25% higher in the non-
rated building than in the GB. It can be concluded that the occupants of the non-rated 
building have a larger direct effect on the energy use, which was expected because the 
majority of the systems in a GB are automatically controlled. 
 
 Behaviour vs. climate 6.4.2
Furthermore, the impacts the OB on the energy use in different types of climates were 
analysed in Darwin, Alice Springs, Brisbane, Kalgoorlie-boulder, Sydney, Melbourne, 





climate and energy use affected by the OB in the non-rated building. However, this 
correlation is insignificant in the GB. Therefore, it can be concluded that the energy use 
affected by the OB is independent of the climate.  
 
The energy use due to the OB is higher in warmer climates than in cooler climates, which 
agrees with the results of past research (Bonte et al., 2014). However, this is not true for 
the GB. In fact, a significant correlation between the climate and OB was not observed. 
Therefore, it can be concluded that the climate has no effect on the energy-related 
occupant actions and behaviours, in both buildings.  
 
In conclusion, the climate directly correlates with the energy-related OB in the non-rated 
building. However, the occupant actions and behaviours are not related to the climate. In 
the GB, there is no relation between the climate and OBs nor with the use of energy 
affected by the occupants. This highlights the importance of a good management system. 
Because most of the systems are controlled by a management system in the GB, the 
variable ‗occupant behaviours and actions‘ has less impact on the overall energy use. 
Therefore, if all systems and features are automatically and properly controlled in 
buildings with a centralised management system, the impacts of the misuse of energy due 























CHAPTER 7. | RECCOMENDATIONS FOR 
IMPROVING ENERGY CONSUMPTION 
Chapter 7 describes the recommendations for the improvement of the energy use based on 
the results of the workshop that was held on 17 May 2019 at WSU to present the major 
findings of this research thesis. Additional information is presented in Appendix VIII. 
 
7.1 Introduction  
Occupants belong to the factors that impact the overall energy performance of buildings 
the most. The GBs improve the levels of liveability in buildings and annual energy 
performance by incorporating sustainable design solutions during the whole life cycle of 
the building.  
 
Considering the different stages of a building, the operation stage is the most energy-
intensive stage because of the technical systems, equipment, and occupants. The 
difference between actual energy data and the predicted energy is identified as main 
knowledge gap in the literature. This difference is related to the low maintenance, 





The literature mostly focused on studies of the energy-related OB in office and residential 
buildings or test bed environments. The present report comprises the results of a 
workshop based on a PhD research study regarding the energy-related OB in two distinct 
university buildings at WSU. One of the buildings is a 6-star building, which was rated 
according to the Australian certification process Green Star, and the other building is an 
existing non-rated building.  
 
The purpose of this workshop was to present the major findings of the research study, 
promote discussions about the energy-related OB, and discuss future research topics. 
 
7.2 Workshop objectives 
 Main objectives/purpose 7.2.1
The main objectives of the workshop were to present the 
results and main conclusions of the research presented 
under the previous chapters, and bring together several 
professionals/experts20 with different professional 
backgrounds to: 
 Promote a discussion based on the main conclusions 
from this research and create a brainstorm session 
related with OB and the efficient use of energy in 
buildings; 
                                               
 
20 Some of these professionals have participated in this research by providing their feedback to the surveys analysed 






 Point out the relevance of the occupant behaviours and actions when interacting 
with systems and/or features in buildings; 
 Share good practices and develop knowledge about energy-related occupant 
behaviours and actions; 
 Provide an overview of the main end uses impacted by the OB; 
 Provoke the reflection and critical evaluation of the key systems and/or features 
impacted by the occupant behaviour and follow-up discussions; 
 Inspire and motivate participants to share knowledge, collaborate, and suggest other 
future research topics addressing the energy-related OB, having as background the 
information and the results provided and discussed under this workshop. 
 
7.3 Workshop summary 
 Workshop agenda21 and participants 7.3.1
The workshop was performed according to the agenda provided in Appendix VIII. The 
participants had different skill sets, expertise, and professions, as shown in Appendix 
VIII. The workshop welcomed the participation of individuals with experience and/or 
interest in the OB, GBs, and energy efficiency. The aim of the workshop was to present 
the main findings of Laura Almeida‘s PhD research in the field of energy-related OB. 
 
A presentation of the major findings, discussions, exercises, and the sharing of knowledge 
and results provided information for the participants, leading to brainstorming of 
recommendations for future research. Figure 82 shows the participants of the workshop. 
                                               
 






Figure 82: Workshop participants 
 
 Initial questions for the participants 7.3.2
The workshop started with a small introduction to the OB, followed by four questions for 
the audience: 
Q1 – Do you believe that occupants have a significant impact on the energy use? 
Why?  
Q2 – Has the green rating an impact on the OB? How? 
Q3 – Is a green building more energy-efficient than a non-rated building? Why? 





The participants were divided in four different groups and each group was asked to 
answer one of the questions. The answers to the above-mentioned questions are 
represented in Table 68 (Appendix VIII)Error! Reference source not found.. 
 
     
     
 





7.4 Main presentation and major findings presented to the audience 
The main presentation consisted of the major findings of Laura Almeida‘s research 
related to the energy-related OB, supervised by Professor Vivian Tam. 
 
 
Figure 84: Main presentation 
 
The main research presented to the audience was a summary of all the information 
addressed under the previous chapters from this thesis.  
 
The two university buildings at WSU, that were subjected to this research, are: building 
EHa on the Parramatta campus and building Y on the Kingswood campus. Building EHa 
is a 6-stars green-rated building according to the Australian certification system Green 
Star, which was built in 2016 (Figure 89 from Appendix I). Building Y is an existing non-
rated building built in 1989. Figure 85 represents the 3D models used for the purpose of 







a)     b)  
Figure 85: 3D models, a) building EHa and b) building Y 
 
Table 37: Building characteristics of buildings EHa and Y 
 
 
Furthermore, the main methods used to perform this research were addressed during the 






7.4.1.1 Occupants’ categorisation 
The first part of this presentation comprised of the categorisation of occupants according 
to their level of energy use: real, saving, and intensive, based on the research studied 
under Chapter 4. The main findings presented to the audience show that: 
 Indicators: 
o GB  190 kWh/m2, 194 kgCO2-eq/m2 and 10 AUD/m2 
o EB  187 kWh/m2, 192 kgCO2-eq/m2 and 11 AUD/m2 
 Plug loads have the highest potential for the reduction of the energy use and the 
heating is impacted the most by the OB; 
 Intensive energy users increase the energy use by 29% and saving energy users 
decrease the energy use by 43%; 
 The GHG emissions and costs are higher in the GB; 
 The GB operates as a non-rated building due to set-point temperatures; 
therefore, the Green rating has no impact on the overall energy; 




The second part of this presentation comprised the research performed on Chapter 5: 100 
surveys delivered to occupants of both buildings to address their awareness and behaviour 
in terms of: 





 Perceived comfort temperature; 
 Adaptive behaviour: interaction with lighting, windows, shading, and AC; 
 Gender composition and working role; 
 Workplace physics: type, size, and location. 
 
The main findings presented to the audience show that: 
 The green rating has no significant impact on the way occupants perceive the 
energy use.  
 The green rating impacts the overall satisfaction. Occupants are more satisfied 
and therefore more tolerant when working in a green building; 
 The occupant interactions with shading are directly related to visual discomfort 
and not to the increasing levels of natural light; 
 The age, gender, workplace location, and size as well as the working role have 
an impact on the energy-related behavioural patterns of occupants; 
 Older generations are more energy-efficient than younger generations; 
 Women are more energy-efficient than men in the GB; yet, the opposite was 
noticed in the existing building; 
 Men interact more often with building features and women interact more often 
with the building systems (e.g. lighting); 
 The workplace size/built environment promote the interaction of occupants with 





7.4.1.3 Real energy based on surveys 
The third part of this presentation comprised the building simulations that use the results 
of the surveys as input data to quantify the energy use related to the actual OB. This 
information is aligned with the study presented in Chapter 6. 
 
The major research findings presented to the audience are: 
 The energy use due to the actual OBs and actions represents 25% (47 kWh/m2 
pa) and 19% (35 kWh/m2 pa) of the total energy use in buildings Y (190 
kWh/m2 pa) and EHa (187 kWh/m2 pa), respectively; 
 Heating (81%), lighting (66%), and plug loads (46%) represent the end uses that 
are impacted the most in building Y; 
 Lighting (43%), heating (28%), and cooling (24%) represent the end uses that 
are impacted the most in building EHa; 
 The occupants in building Y use 25% less energy than the occupants of building 
EHa; 
 The OB impact is more significant in the non-rated building than in the GB 
because a GB is already an optimised version of a building. 
 
7.4.1.4 Climate vs. occupant behaviour 
The fourth part of this presentation comprised the building simulations for eight 
different climate zones according to the BCA. Table 38 represents the different climates 





Table 38: Climates studied in this research 
 
 
The major research findings presented to the audience are: 
 The occupant behaviours and actions are affected by parameters other than 
climate; 
 The climate zone affects the energy-related occupant behaviour in building Y 
but not in building EHa; 
 The energy use based on the OB is higher in warmer climates than in cooler 
climates, in both buildings; 
 If all systems in a building are controlled by a centralised management system, 
the variable ‗Occupant behaviour and actions‘ has no significant impact on the 






7.5 Workshop conclusion/recommendations for future studies22 
The final part of the workshop consisted of a discussion about future areas of research 
among all participants according to their perceptions after the presentation and discussion. 
Figure 86 and Table 39 show the main future research areas proposed in the workshop. 
 
 
Figure 86: Main conclusions 
                                               
 
22 The conclusion/recommendations provided under this chapter correspond only to the recommendations collected as an 
















 Communication implications/leverage 
 Provide user guidelines  
 Workshop for occupants who are not familiar with 
engagement building 
 Occupants make suggestions 
 Specific general and individual recommendations on 
the energy use (e.g. turning off computers at night, 
raising/lowering AC temperatures, usage of blinds) 
 Clearly communicate with staff 
 Education 
 Green building 











 Artificial intelligence (AI)/Machine learning  
 Data mining 
 Options and controls 
 Mixed-mode operations  



























 Commissioning and maintenance of smart energy systems 
 Strategy: Engineering assessment 







Based on the final discussion among participants, the main relevant research topic of 
future studies related to the occupants‘ energy use, with a total of 7 votes, was the 
‘Occupant awareness’. Participants highlighted the relevance of communication and 
providing guidance to occupants in buildings, in an open environment in which occupants 
will be able to provide their feedback and suggestions to improve the energy performance 
of the building. 
 
The second most relevant future research topic regarding the energy-related OB, with 5 
votes, was ‗New technologies‘. Participants suggested new options and forms of control 
regarding the energy use and the implementation of other technologies such as artificial 
intelligence and machine learning. 
 
Finally, the last relevant area of future research regarding the energy-related OB, with 1 
vote, was ‗Maintenance/BMS‘. Participants suggested more frequent commissioning and 






CHAPTER 8. | CONCLUSION 
8.1 Key conclusions per chapter  
 Actual energy use based on the occupant behaviour 8.1.1
In Chapter 4, the impact of the OB on the overall energy performance of two university 
buildings was analysed using actual data. The green rating is synonymous with an energy-
efficient building. Occupants were categorised according to their level of impact on the 
use of energy as saving, real, and intensive energy users. Subsequently, dynamic 
simulations were performed for green-rated and non-rated buildings at WSU. The three 
scenarios that were created to categorise the OB were used as baseline for the simulation 
models in Chapter 4. The results show that saving and intensive energy users have 
significant impacts on the overall energy performance of a university building. Saving 
users will spend on average 43% less energy, while intensive users will spend on average 
29% more energy, in both buildings, compared with real users.  
 
Moreover, plug loads represent the end use with the highest potential for energy reduction 
based on the OB, in both studied buildings. However, the heating function is the end use 
that is impacted the most by the OB in the non-rated building due to less efficient 





because the internal loads associated with lighting and plug-loads are reduced. 
Furthermore, the annual energy, GHG emission, and cost indicators for the non-rated 
building are 190.45 kWh/m2, 194.45 kgCO2-eq/m2, and 9.94 AUD/m2, respectively. 
Similarly, the annual energy, GHG emission, and cost indicators for the green-rated 
building are 187.22 kWh/m2, 192.27 kgCO2-eq/m2, and 10.87 AUD/m2, respectively. It 
was verified that the annual GHG emissions and costs are higher in the green-rated 
building than in the non-rated one. Therefore, it can be concluded that there is no 
significant difference among the two buildings.  
 
Finally, there is no significant relation between green rating and the way occupants 
behave in terms of the energy use. The overall energy use based on the OB changes 
within similar ranges in both buildings. Despite being classified as green, if the 
operational conditions of a building are not carefully maintained according to the best 
practices (rating), a green-rated building will operate within similar rages as a non-rated 
building.  
 
 Occupant behaviour based on the surveys 8.1.2
The surveys were delivered to 100 people, that is, 50 occupants of a green-rated building 
and 50 occupants of a non-rated building, to determine their perceived energy-related 
behaviour. Therefore, the aim of the study performed in Chapter 5 was to determine if the 
green rating has an impact on the way occupants perceive the energy use. The results 
shown that the green rating has no significant impact on the energy-related OB; however, 
it impacts their overall satisfaction with the building. Most of the behavioural patterns in 





The occupants use personal heaters and coolers to face thermal discomfort when they 
have no control over the heating and cooling systems in a building. Women and the older 
generation are more tolerant than men and the younger generation when facing thermal 
discomfort. The window or door opening behaviour in both buildings is directly linked to 
the maintenance of the comfort levels. This is more relevant for men and the older 
generation than for women. 
 
In terms of lighting, the occupants of both buildings switch off lights during the daytime 
and at the end of the day. The older generation is more aware than the younger generation 
in terms of the use of lighting. Depending on the workplace location and size in the non-
rated building, the occupants will interact more frequently with the lighting system. All 
occupants experience satisfactory levels of light in the GB. Finally, the gender and age 
impact the perception of energy use. Women and the older generation are more tolerant 
and energy-efficient than men and the younger generation.  
 
The occupants of the GB are more satisfied than those in the non-rated building. This is 
due to the levels of thermal and visual discomfort perceived in the non-rated building, the 
dissatisfaction with the building operation, and the fact that the occupants know if they 
are working in a green building or not. However, it is not possible to conclude that the 







 Energy-related behaviours based on the surveys vs. climate 8.1.3
8.1.3.1 Actual impact of the occupants on the use of energy 
The energy-related occupant behaviours and actions were quantified in Chapter 6 based 
on the surveys described in Chapter 5. These behaviours are related to the occupant 
interactions with light, shading, AC, plug loads, and windows. They were used as input 
variables for the models of non-rated and green-rated buildings at WSU. The results show 
that the impacts of OBs are more significant in the non-rated building than in the green 
one. This confirms that a GB is already an optimised version of a building; thus, the 
occupants have less impact on the overall energy.  
 
Moreover, the results of the actual building simulations show that the occupant actions 
and behaviours correspond to 25% and 19% of the total energy use in the non-rated and 
green buildings, respectively. The annual energy, GHG emission, and cost indicators for 
the non-rated building affected by the OB are 47 kWh/m2, 43 kgCO2-eq/m2, and 273 AUD, 
respectively. Similarly, the annual energy, GHG emission, and cost indicators for the GB 
affected by the OB are 35 kWh/m2, 32 kgCO2-eq/m2, and 204 AUD, respectively. The 
heating, lighting, and plug loads are the end uses that are impacted by the OBs in the non-
rated building, while the lighting, heating, and cooling are impacted by the OBs in the 
GB. Therefore, the results show that the impact of the OB on the overall energy use in the 
non-rated building is 25% higher than in the GB. Because the majority of the systems in a 
GB are controlled automatically, the impact of the occupants on the energy use is higher 






8.1.3.2 Climate vs. energy-related occupant behaviour 
The results of the analysis of the impacts of eight different types of climate on the OB 
show that the energy-related OB in the non-rated building correlates with the climate. 
However, this correlation was not observed in the GB. The energy use due to the OB is 
higher in warmer climates than in cooler climates, which agrees with past research (Bonte 
et al., 2014). However, once again, this is not true for the GB; in fact, there is no 
significant correlation between climate and the OB.  
 
In the non-rated building, the climate correlates with the energy-related OB. However, the 
occupants‘ actions and behaviours are not related to the climate. In the GB, there is no 
relation between the climate and OB and energy use because most of the systems in the 
green-rated building are controlled by a management system and thus the variable 
‗occupant behaviours and actions‘ has less impact on the overall energy use.  
 
8.2 Main limitations from this research 
Despite the intended accuracy of the models used in this study and of the calibration 
process to refine them, it was impossible to distribute the actual energy data per all the 
end uses monitored by the university‘s management system. The lack of additional 
monitoring points, the high investment needed to install then, the limited time for this 
research and to have access to the building‘s systems, as well as internal changes in the 
management system, were the main reasons. Another limitation from this study is the data 
collected for the non-rated building. This building is from 1989 and some information 
was not accessible or did not have enough detail. This information was mainly related 





Other limitations include; that the main subject each building is linked to, in terms of 
research may have impacted some of the responses from the surveys. The GB is the 
Department of Psychology and Social Behaviour, while the non-rated building is the 
Department of Computer Sciences and Mathematics. Moreover, the size of the samples 
used for this study represents an additional limitation. A larger sample would have 
increased the reliability of the occupants‘ responses and refine the study. Additionally, the 
psychological aspects that lead occupants to behave within the patterns presented in this 
study were not accounted. Furthermore, it would have been interesting if different 
patterns of OB were studied. This study focus only in the patterns collected in the surveys 
from Chapter 5. Finally, a higher number and diversity of the attendees from the 
workshop would have enhanced the outcomes and the final recommendations related with 
occupant behaviour and its impact in the use of energy.  
 
8.3 Overall conclusions 
This research analysed the effect of occupant behaviour on the overall energy 
performance of two university buildings and if the green rating is synonymous with an 
energy-efficient building. The research, addressed the need for quality measurements and 
data, and provided reliable simulated models of the whole buildings that incorporated 
occupant behaviour, having as baseline models with the actual main buildings‘ 
characteristics and systems. To understand the relationship between the energy-related 
OB and its implications for the energy management system in a building this research 
categorised occupants according to their level of impact on the use of energy as saving, 
real, and intensive energy users. Furthermore, the real OBs collect in surveys were 





the main conclusions is that there is no significant difference in the way occupants behave 
in terms of the energy use in both buildings. Most of the behavioural patterns in the green 
and non-rated buildings are similar. If both buildings are similar it would be expected that 
the GB because went through a certification process to be assessed as ―green‖, should be 
more efficient in terms of energy use than the non-rated building. Therefore, this study 
corroborates the need for surpassing the energy performance gap between the design and 
operational stages.  
 
This study also shows that when occupants face thermal discomfort, they readdress their 
levels of comfort, which supports Nicol and Humphreys (2002) statement. The window- 
or door-opening behaviours in the two buildings are directly related to the maintenance of 
comfort levels. Women and the older generation are more tolerant when facing thermal 
discomfort than men and the younger generation. Overall, women and the older 
generation are more tolerant and energy-efficient than men and the younger generation. 
The gender and age impact the perception of the energy use.  
 
However, the results show that the impacts of the OBs are more significant in the non-
rated building than in the green one. This confirms that a GB is already an optimised 
version of a building and thus the occupants have less impact on the overall energy. Most 
of the systems from the GB are controlled either by smart sensors or automatically. The 
impact of the occupant actions and behaviours on the overall energy use in the non-rated 
building is two times more significant than that in the GB. It thus can be concluded that 






Moreover, the occupants of the non-rated building are more concerned with the use of 
energy compared with the occupants of the green-rated building. This fact contradicts past 
literature that mentioned that ‗green‘ tools and brands are a positive catalyst for the 
reduction of the energy use and increases the occupant awareness (Darby et al., 2016). It 
is also possible to conclude that the importance of energy awareness campaigns discussed 
by Masoso and Grobler (2010) is not applicable to all situations. The green rating impacts 
the occupants‘ overall satisfaction within a building. Hence, it can be concluded that the 
green rating impacts the overall perceived satisfaction of the occupants and probably their 
tolerance to discomfort factors, which agrees with previous literature (Leaman and 
Bordass, 2007).  
 
However, the green rating has no significant impact on the OBs and actions or the energy 
performance of a real building. Therefore, other variables such as the lack of 
maintenance, inefficiencies or lack of awareness from the Building Management System 
may have more impact in the energy performance of a building than OB (Norford et al., 
1994, Yoshino et al., 2017). If the operational conditions are not maintained according to 
those used during the design stage for the certification process (set-point temperatures 26 
oC for the cooling season and 18 oC for the heating season), a green building will operate 
as if it was a non-rated building. In the GB occupants were able to change the set-point 
temperatures and while the management system had the set-points for the cooling and 
heating functions as 23 oC and 22 oC, respectively. Therefore, this study is extremely 
relevant, not only from a perspective of the energy-related OB but also as a ‗wake-up call‘ 
for rational energy use in GBs and the relevance of promoting its awareness to all the 






Finally, the results for the impact of the OB in eight different types of climate show that 
the energy-related OB in the non-rated building correlates with the climate. The use of 
energy is directly related with the type of climate, occupants will use more or less energy 
depending on the external environmental conditional. However, this correlation was not 
observed in the GB. The type of climate does not directly affect the use of energy in the 
GB. Additionally, the occupant‘s actions and behaviours are not related to the climate in 
the two buildings. Therefore, it can be concluded that for the case study performed in this 
research the energy use due to the OB is not impacted by the climate. This research shows 
that the GB is less subjected to external changes than the non-rated building. Hence, the 
GB is serving the purpose by which was designed for. 
 
The main conclusion is as follows: if all systems and features of buildings are 
automatically and properly controlled through a centralised management system, the 
impacts related to the misuse of energy based on variable OBs and actions approach zero. 
Therefore, if all commercial and industrial buildings are controlled by properly 
maintained centralised management systems, the critical sector related to the impact of the 
OB and actions on the energy use is the residential sector. Occupants interact directly and 
randomly with building systems without any efficient management system (Hong et al., 
2016b, Stazi et al., 2017). 
 
8.4 Recommendations for future studies 
During the workshop described in Chapter 7, the participants elected ‗Occupant 
awareness‘ as the main relevant future research field. The relevance of communication 





environment, the occupants will be able to provide feedback and suggestions to improve 
the overall energy performance of a building. 
 
New technologies, such as artificial intelligence and machine learning, as well as the 
improvement of maintenance and building management systems based on the frequent 
commissioning and maintenance of smart energy solutions were other areas mentioned by 
the workshop participants as relevant directions for future research about the energy-
related OB. 
 
Finally, to contribute to the understanding of the complexity of the OB addressed by 
(Hong et al., 2016b), this thesis recommends the following future research topics: 
(1) Integration of the actual energy-related OB adapted to each different type of climate 
based on this research in the Köppen–Geiger climate classification; 
(2) Additional building simulation studies for a whole building of the same building 
typology, which may validate the present research; 
(3) Additional building simulation studies of typologies other than residential or office 
buildings;  
(4) Integration of the psychological, physical, social, educational, and economic factors, 
among others, in building simulations of whole buildings; 
(5) Creation of a test base study to analyse the energy-related OB; 
(6) Determination of new technologies to reduce the impacts of the energy-related OB in 





(7) Study of the impacts of the Japanese Home Energy Management System (HEMS) on 
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Key results of Building Y in Chapter 4. 
 
 






Key results of building EHa in Chapter 4. 
 
 






























































Statistical data of Building Y from SPSS software. 
















Statistical data of Building EHa from SPSS software. 
















Heating and cooling 
 
Table 46: Other significant thermal discomfort variables based on the Chi-square test 
 
Experience thermal discomfort in workplace environment 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Workplace 
characteristics 15.2 12 0.232 NS 21.6 9 0.01 S 
Close to a window 
view 9.0 3 0.03 S 3.1 3 0.372 NS 
Close to a supply air 
vent 7.6 3 0.056 NS* 3.2 3 0.357 NS 
Working role 13.6 9 0.138 NS 10.7 15 0.774 NS 
Know if in a Green 
Building 2.0 3 0.581 NS 4.3 3 0.226 NS 
Building operation 
satisfaction 11.6 6 0.072 NS 4.2 6 0.642 NS 
Overall satisfaction 
level with building 20.9 9 0.013 S 15.9 9 0.068 NS 
Add clothing when 
cold 18.8 9 0.027 S 12.0 9 0.211 NS 
Remove clothing 
when cold 15.4 12 0.218 NS 7.6 12 0.813 NS 







Window and door opening 
 













































































for Equality of 
Variances
t-test for Equality of Means








Table 48: Interaction with the lighting system according to the gender based on a t-test 











Switching lights off at the 
end of the day 
Female 12 3.17 1.528 0.441 
0.089 42 0.930 
Male 32 3.13 1.338 0.237 
Leaving artificial lights 
off during the day 
Female 11 2.45 1.864 0.562 
0.206 39 0.591 
Male 30 2.77 1.547 0.282 
Light switch (overhead) Female 12 3.83 1.337 0.386 
0.725 42 0.782 












Switching lights off at the 
end of the day 
Female 16 3.00 1.461 0.365 
0.575 22 0.571 
Male 8 2.63 1.598 0.565 
Leaving artificial lights 
off during the day 
Female 15 1.93 1.100 0.284 
-0.645 21 0.526 
Male 8 2.25 1.165 0.412 
Light switch (overhead) Female 16 2.94 1.389 0.347 
-0.104 21 0.918 










Table 49: Interaction with the lighting system according to the working role using a t-
test 











Switching lights off at the 
end of the day 
Academic 4 3.00 1.826 0.913 
0.756 14 0.462 
Student 12 2.33 1.435 0.414 
Leaving artificial lights 
off during the day 
Academic 4 1.75 0.957 0.479 
-0.244 14 0.811 
Student 12 1.92 1.240 0.358 
Light switch (overhead) Academic 3 3.00 1.732 1.000 
0.759 3 0.524 












Switching lights off at the 
end of the day 
Academic 20 3.40 1.314 0.294 
0.878 36 0.386 
Student 18 3.00 1.495 0.352 
Leaving artificial lights 
off during the day 
Academic 19 3.32 1.493 0.342 
2.245 34 0.031 
Student 17 2.18 1.551 0.376 
Light switch (Overhead) Academic 20 3.95 0.999 0.223 
1.356 36 0.183 










Table 50: Interaction of occupants with window blinds and artificial lights when 




Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Close to a window 4.2 3 0.244 NS 0.6 3 0894 NS 
Turn off artificial 
lights 37.4 12 0.000 S 18.5 12 0.101 NS 
Leaving artificial 
lights off during the 
daytime 
14.5 9 0.106 NS 11.5 12 0.483 NS 
Close window blinds 27.4 12 0.007 S 18.3 12 0.107 NS* 
Age 7.6 9 0.582 NS 7.0 12 0.860 NS 
Gender 2.9 3 0.407 NS 1.4 3 0.694 NS 
Working role 12.0 9 0.213 NS 6.7 15 0.965 NS 
Workplace 
characteristics 17.2 12 0.142 NS 4.3 9 0.891 NS 
Workplace location 12.0 6 0.062 NS* 7.2 12 0.840 NS 











Table 51: Impacts of the age, gender, and working role on the appliance use based on a 
chi-square test 
 
Periodicity that appliances are switched off 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Age 10.8 6 0.094 NS* 6.1 8 0.636 NS 
Gender 0.7 2 0.702 NS 1.3 2 0.529 NS 
Working role 7.2 6 0.307 NS 14.6 10 0.148 NS 
 
Periodicity at which portable electronic devices are charged 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Age 5.3 9 0.808 NS 7.9 12 0.795 NS 
Gender 4.5 3 0.211 NS 2.5 3 0.469 NS 
Working role 5.5 9 0.790 NS 11.2 15 0.735 NS 
 
Turning off the computer at the end of the day or when not in use 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Age 11.9 12 0.453 NS 19.4 16 0.223 NS 
Gender 10.1 4 0.038 S 3.2 4 0.516 NS 
Working role 12.7 12 0.389 NS 19.2 20 0.511 NS 
 
Turning off power points for items not in use 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Age 13.7 12 0.322 NS 9.1 16 0.911 NS 
Gender 0.8 4 0.942 NS 2.4 4 0.667 NS 








Limiting dishwasher usage (filling up before tuning on) 
 
Green-rated building Non-rated building 
 

2 df p Significance 2 df p Significance 
Age 6.8 9 0.662 NS 9.3 16 0.240 NS 
Gender 0.7 3 0.880 NS 4.0 4 0.402 NS 
Working role 19.8 9 0.019 S 4.5 20 0.998 NS 
* Closer to the limit 
 
 
Table 52: Effect of the green building rating on the appliance use based on a Chi-square 
test 
 
Occupants know that they are in a green building 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Periodicity that 
portable electronic 
devices are charged 




6.4 2 0.041 S 1.2 2 0.543 NS 
Turning off 
computer at the end 
of the day 
5.6 4 0.231 NS 3.1 4 0.546 NS 
Turning off power 
points for items not 
in use 









Satisfaction levels  
 
Table 53: Overall satisfaction of the occupants based on a Chi-square test 
 
Occupants overall satisfaction 
 
Green-rated building Non-rated building 
 
2 df p Significance 2 df p Significance 
Visual discomfort 5.3 9 0.811 NS 14.4 9 0.109 NS 
Enough light -- -- -- -- 2.4 3 0.208 NS 
Close to a window 5.0 3 0.169 NS 1.8 3 0.618 NS 
Thermal discomfort 20.9 9 0.013 S 15.9 9 0.068 NS* 
Maintain a constant 
temperature 2.7 9 0.976 NS 25.2 12 0.014 S 
Ideal comfort 
temperature 2.7 6 0.844 NS 4.4 6 0.620 NS 
Age 6.9 9 0.645 NS 20.4 12 0.060 NS* 
Gender 1.6 3 0.655 NS 6.7 3 0.083 NS 
Working role 7.8 9 0.549 NS 22.7 15 0.090 NS 
Workplace 
characteristics 8.1 12 0.778 NS 6.7 9 0.641 NS 
Workplace size 5.4 6 0.499 NS 9.3 6 0.155 NS 
Workplace location 7.4 6 0.284 NS 14.8 12 0.254 NS 
Know the building is 
a green building 2.5 3 0.477 NS 10.6 3 0.014 S 
Building operation 
satisfaction 7.8 6 0.249 NS 15.9 6 0.014 S 












Figure 93: Climate Classification (ABCB, 2016b) 
 
 






Figure 95: Climate classification for Brisbane (ABCB, 2016b) 
 
 
Figure 96: Climate classification for Alice Springs (ABCB, 2016b) 
 
 






Figure 98: Climate classification for Sydney (ABCB, 2016b) 
 
 
Figure 99: Climate classification for Melbourne (ABCB, 2016b) 
 
 















Results of building Y from Chapter 6. 





















Heating 0.00 0.00 0.00
Cooling 921796.01 682.13 51897.12
Interior Lighting 130955.08 96.91 7372.77
Exterior Lighting 38325 28.36 2157.70
Plug loads 333629.6841 246.89 18783.35
Water Systems 21070.07 15.59 1186.24
Heating 226.37 0.07 20.85
Cooling 855460.53 633.04 48162.43
Interior Lighting 40707.97 30.12 2291.86
Exterior Lighting 38325 28.36 2157.70
Plug loads 180941.68 133.90 10187.02
Water Systems 21070.07 15.59 1186.24
GHG Electricity 0.74 kgCO2-eq/kWh GHG Natural Gas 0.22 kgCO2-eq/kWh








Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction





























Heating 23507.74 11.07 1999.64
Cooling 520183.14 483.77 29286.31
Interior Lighting 134510.44 125.09 7572.94
Exterior Lighting 38325 35.64 2157.70
Plug loads 335470.6549 311.99 18887.00
Water Systems 21070.07 19.60 1186.24
Heating 61402.67 29.40 5193.56
Cooling 444162.64 413.07 25006.36
Interior Lighting 45457.45 42.28 2559.25
Exterior Lighting 38325 35.64 2157.70
Plug loads 180941.68 168.28 10187.02
Water Systems 21070.07 19.60 1186.24
GHG Electricity 0.93 kgCO2-eq/kWh GHG Natural Gas 0.22 kgCO2-eq/kWh




Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Brisbane
1073067 987 61090
Conversion factors






























Heating 184386.55 123.01 14593.60
Cooling 274831.43 318.80 15473.01
Interior Lighting 137893.56 159.96 7763.41
Exterior Lighting 38325 44.46 2157.70
Plug loads 334953.7094 388.55 18857.89
Water Systems 21070.07 24.44 1186.24
Heating 292947.36 185.11 23664.46
Cooling 219276.71 254.36 12345.28
Interior Lighting 47756.32 55.40 2688.68
Exterior Lighting 38325 44.46 2157.70
Plug loads 180941.68 209.89 10187.02
Water Systems 21070.07 24.44 1186.24
GHG Electricity 1.16 kgCO2-eq/kWh GHG Natural Gas 0.20 kgCO2-eq/kWh




Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Melbourne
991460 1059 60032
Conversion factors






























Heating 76232 34 6217
Cooling 457190 347 25740
Interior Lighting 134633 102 7580
Exterior Lighting 38325 29 2158
Plug loads 333049 253 18751
Water Systems 21070 16 1186
Heating 148131 65 12100
Cooling 391236 297 22027
Interior Lighting 45877 35 2583
Exterior Lighting 38325 29 2158
Plug loads 176576 134 9941
Water Systems 21070 16 1186
GHG Electricity 0.76 kgCO2-eq/kWh GHG Natural Gas 0.20 kgCO2-eq/kWh




Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Kalgoorie
1060499 782 61631
Conversion factors






























Heating 184386.55 123.01 14593.60
Cooling 274831.43 318.80 15473.01
Interior Lighting 137893.56 159.96 7763.41
Exterior Lighting 38325 44.46 2157.70
Plug loads 334953.7094 388.55 18857.89
Water Systems 21070.07 24.44 1186.24
Heating 292947.36 185.11 23664.46
Cooling 219276.71 254.36 12345.28
Interior Lighting 47756.32 55.40 2688.68
Exterior Lighting 38325 44.46 2157.70
Plug loads 180941.68 209.89 10187.02
Water Systems 21070.07 24.44 1186.24
GHG Electricity 1.16 kgCO2-eq/kWh GHG Natural Gas 0.20 kgCO2-eq/kWh




Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Melbourne
991460 1059 60032
Conversion factors






























Heating 208133 124 16282
Cooling 247237 235 13919
Interior Lighting 135163 128 7610
Exterior Lighting 38325 36 2158
Plug loads 336301 319 18934
Water Systems 21070 20 1186
Heating 313443 175 25214
Cooling 182447 173 10272
Interior Lighting 46015 44 2591
Exterior Lighting 38325 36 2158
Plug loads 179827 171 10124
Water Systems 21070 20 1186
GHG Electricity 0.95 kgCO2-eq/kWh GHG Natural Gas 0.23 kgCO2-eq/kWh




Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Canberra
986229 863 60089
Conversion factors





























Heating 298886 197 23770
Cooling 121609 141 6847
Interior Lighting 136444 158 7682
Exterior Lighting 38325 44 2158
Plug loads 340323 395 19160
Water Systems 21070 24 1186
Heating 409166 244 33733
Cooling 78317 91 4409
Interior Lighting 46716 54 2630
Exterior Lighting 38325 44 2158
Plug loads 183850 213 10351
Water Systems 21070 24 1186
GHG Electricity 1.16 kgCO2-eq/kWh GHG Natural Gas 0.20 kgCO2-eq/kWh




Total Area = 5242 m2 Conditioned Area = 4667 m2 Unconditioned Area = 576 m2
Total Reduction
Simulation 1 - Mt Hotham
956658 960 60803
Conversion factors







Results of building EHa from Chapter 6. 





















Heating 357 0 29
Cooling 573620 424 32295
Interior Lighting 89721 66 5051
Exterior Lighting 7283 5 410
Plug loads 501284 371 28222
Water Systems 27393 20 1542
Heating 810 0 66
Cooling 492090 364 27705
Interior Lighting 50386 37 2837
Exterior Lighting 7283 5 410
Plug loads 402064 298 22636
Water Systems 27393 20 1542
GHG Electricity 0.74 kgCO2-eq/kWh GHG Natural Gas 0.22 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction






























Heating 75994 53 5406
Cooling 402588 374 22666
Interior Lighting 93756 87 5278
Exterior Lighting 7283 7 410
Plug loads 506507 471 28516
Water Systems 27393 25 1542
Heating 64781 37 5099
Cooling 316970 295 17845
Interior Lighting 53390 50 3006
Exterior Lighting 7283 7 410
Plug loads 407286 379 22930
Water Systems 27393 25 1542
GHG Electricity 0.93 kgCO2-eq/kWh GHG Natural Gas 0.22 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction






























Heating 98938 48 7718
Cooling 407159 301 22923
Interior Lighting 87869 65 4947
Exterior Lighting 7283 5 410
Plug loads 499828 370 28140
Water Systems 27393 20 1542
Heating 120752 59 9387
Cooling 329453 244 18548
Interior Lighting 49193 36 2770
Exterior Lighting 7283 5 410
Plug loads 400608 296 22554
Water Systems 27393 20 1542
GHG Electricity 0.74 kgCO2-eq/kWh GHG Natural Gas 0.22 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction






























Heating 139311 67 10924
Cooling 350031 266 19707
Interior Lighting 90364 69 5087
Exterior Lighting 7283 6 410
Plug loads 501961 381 28260
Water Systems 27393 21 1542
Heating 167689 81 13156
Cooling 270726 206 15242
Interior Lighting 51061 39 2875
Exterior Lighting 7283 6 410
Plug loads 402741 306 22674
Water Systems 27393 21 1542
GHG Electricity 0.76 kgCO2-eq/kWh GHG Natural Gas 0.20 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction






























Heating 232240 148 18714
Cooling 270550 314 15232
Interior Lighting 101644 118 5723
Exterior Lighting 7283 8 410
Plug loads 505561 586 28463
Water Systems 27393 32 1542
Heating 270517 167 22043
Cooling 191728 222 10794
Interior Lighting 57959 67 3263
Exterior Lighting 7283 8 410
Plug loads 406341 471 22877
Water Systems 27393 32 1542
GHG Electricity 1.16 kgCO2-eq/kWh GHG Natural Gas 0.20 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction






























Heating 256904 140 16611
Cooling 301724 287 16987
Interior Lighting 95132 90 5356
Exterior Lighting 7283 7 410
Plug loads 508484 483 28628
Water Systems 27393 26 1542
Heating 296367 156 24465
Cooling 162081 154 9125
Interior Lighting 53955 51 3038
Exterior Lighting 7283 7 410
Plug loads 409264 389 23042
Water Systems 27393 26 1542
GHG Electricity 0.95 kgCO2-eq/kWh GHG Natural Gas 0.23 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction




























Heating 300602 166 25399
Cooling 115856 134 6523
Interior Lighting 99524 115 5603
Exterior Lighting 7283 8 410
Plug loads 520793 604 29321
Water Systems 27393 32 1542
Heating 329396 169 28406
Cooling 76385 89 4300
Interior Lighting 56928 66 3205
Exterior Lighting 7283 8 410
Plug loads 421572 489 23735
Water Systems 27393 32 1542
GHG Electricity 1.16 kgCO2-eq/kWh GHG Natural Gas 0.20 kgCO2-eq/kWh
Electricity Cost 5.63 c/kWh Natural Gas Cost 10.08 c/kWh
Conversion factors





Total Area = 5696 m2 Conditioned Area = 5181 m2 Unconditioned Area = 515 m2
Total Reduction







































































 Thermal comfort leads to variable individual variations/tolerances 
 Tolerance/choice consciousness 
 Choices - clothing, HVAC, equipment types, fresh air, cost and energy 
use 
 Design - orientation, passive design, insulation, building materials 
 Because occupants can control systems - switch on–off 
 Open/close doors and windows 
 Determine the usage and dimension 






 Computers and other electrical devices 
 Hot water systems 

































 Motion sensors scale up the ratings (?) 
 If the green rating accurately reflects the building comfort levels, the 
occupants should not need to use excessive energy for lighting, heating, 
and cooling 
 The rating probably does not change the occupants‘ thoughts 
 Occupants should be forced to stop negative behaviours through design 
(e.g. not requiring lights or heating) 
 Technology may bring about the need to afford appropriate equipment 
 Global vs. individual approaches 
 Human action may have an effect 
 Occupants do not know what or what not to do to comply with the 
requirements of a green rating in terms of energy use 
 The cost related with a ‗green‘ approach tend to imply the 
implementation of advanced-technologies: 
 Higher initial costs 
 Lower maintenance costs 
 Lower operation costs  
 Life cycle costs may not have a positive impact in the implementation 













































 Built to standard 
 Type of features to support green features 
 Operating costs are low 
 Efficiency is high 
 Life cycle costs are lower and construction costs are higher 
 High efficiency 
 Reduce CO2 emissions 
 Energy-efficient features 
 Reduce costs over the long term 
 Green rating is not only about energy efficiency but also about other 
issues such as the sick building syndrome, indoor environmental quality 
and the need to build for a purpose 
 Green ‗brain wash‘ depends on what features? 
 Related to GHG emissions? 































 Depending on the temperature, we decide about heating or not 
 Rainy/cold – we tend to stay indoors 
 The OB is impacted by climate change 
 Depends on temperature levels 
 Temperature will be 5°C higher in 2050 
 Climate change 
 Increases the number days with 35°C 
 Higher temperatures have affected the OB. 
 
 
